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SUMMARY
The topic of this thesis concerns the amount and nature of allelic 
protein variation segregating in natural populations. The model system 
chosen for study was the esterase-6 polymorphism of D. melanogaster.
The first aim was to determine how much additional variation could be 
detected by high resolution electrophoretic procedures beyond that 
revealed by traditional electrophoretic methods. The second aim was to 
clone and sequence the Est6 gene from representatives of each high 
resolution electrophoretic class, and from comparison of the inferred 
amino acid sequences, deduce the number and nature of the amino acid 
polymorphisms underlying the various electrophoretic classes.
One hundred and fifty-nine lines isoallelic for esterase-6 were 
extracted from a natural population of D. melanogaster. The relative 
electrophoretic mobilities of esterase-6 allozymes in the different 
lines were determined by repeated pair-wise comparisons on high 
resolution cellulose acetate plates. Ten allozymic classes were 
resolved among the lines where only five, EST6-VF, EST6-F', EST6-U, 
EST6-F and EST6-S, had been evident using standard electrophoretic 
procedures. The additional variation resulted from the subdivision of 
EST6-F and EST6-S into three and four classes respectively. Genetic 
analyses confirmed that the additional classes mapped at or near the 
Est6 locus. Analysis of hemizygous viabilities among the lines revealed 
a locus (or loci) nearby to Est6 that affects fitness. The most 
frequent class within EST6-F was in significant gametic disequilibrium 
with the linked polymorphic inversion In(3L)P.
The same high resolution procedures were applied to 13 lines of D. 
melanogaster representing six EST6 thermostability variants (Cochrane 
and Richmond, 1979a). Different thermostability variants did not group 
consistently into electrophoretic classes. This implied that the two
criteria detected protein variation independently from each other and
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that much greater variation occurs than is detected by either criterion 
alone.
This deduction was confirmed by the nucleotide sequence analysis of 
Est6 clones isolated from 11 of the Coffs Harbour lines covering all ten 
of the electrophoretic variants. This revealed 51 nucleotide 
substitutions at the Est6 locus. Another amino acid replacement 
previously found in EST6 (Collet et al., in prep.) brings the total 
number of nucleotide polymorphisms to 52. Of these, 16 cause amino acid 
replacements, showing clearly that electrophoretically undetected 
variation occurs for EST6 even using high resolution techniques.
The 52 substitutions were analysed for their occurrence in coding 
versus non-coding regions of the Est6 gene. Silent site substitutions 
were about seven times more prevalent than those resulting in amino acid 
replacements, indicating that natural selection has removed substantial 
numbers of mutations that alter the primary amino acid sequence of EST6.
The large electrophoretic differences that discriminated EST6-VF, 
EST6-F', EST6-F and EST6-S were each associated with amino acid 
replacements involving a charge difference. EST6-U was a special case 
whose electrophoretic phenotype was associated with the loss of a 
cysteine residue necessary to the formation of a disulphide bridge. The 
small electrophoretic differences for classes within EST6-F and EST6-S 
were all associated with at least one and usually more than one amino 
acid replacement that was charge conservative. The small 
electrophoretic differences caused by these replacements are probably 
due to their effect on EST6 conformation, such that the exposure to the 
protein surface of other charged residues is altered. Furthermore, it 
is suggested that the excess of amino acid replacements (16) to 
electrophoretic classes (10) is at least in part due to different amino 
acid replacements having the same net effect on mobility rather than
having none at all.
A comparison of two phenetic trees, the first constructed from the 
16 amino acid replacements, and the second from all nucleotide 
substitutions, suggested that the EST6-S group of classes was derived 
from the ancestral EST6-F lineage. Consistent with this, the EST6-F 
group contained significantly more silent variation than EST6-S.
Hydropathy analysis suggested that most, but not all of the 16 
amino acid replacements were on the surface of the EST6 protein 
molecule. Most were also relatively conservative with respect to the 
size, polarity and hydrophobicity of the alternative amino acids 
involved and with respect to secondary structure. There was no obvious 
relationship between the frequency of amino acid replacements and their 
degrees of physicochemical conservation, although one rare replacement 
involved the loss of a cysteine residue involved in a disulphide bridge 
and it is proposed that this variant is deleterious, due to a loss of 
stability of tertiary protein structure.
None of the five amino acid replacements which were relatively 
common occurred in either of two isolates of the most common EST6-S 
class sequenced, class 8. Two of these five replacements distinguished 
the EST6-F group of classes from the class 8 and most other EST6-S 
classes. These two replacements are only ten residues apart and it is 
suggested that either or both may be the primary target for the natural 
selection likely to underlie the latitudinal dines in Est6-F versus 
Est6-S frequencies (Oakeshott et al., 1981). It is proposed that the 
other three relatively common amino acid replacements may underlie the 
thermostability variation found for the EST6 molecule by Cochrane and
iv
Riochmond (1979a) .
1CHAPTER 1 GENERAL INTRODUCTION
This thesis is concerned with electrophoretic and nucleotide 
variation for the esterase-6 gene-enzyme system of Drosophila 
melanogaster. It is a study involving two methodologically different, 
yet complementary, approaches to the elucidation of variation for 
esterase-6. This chapter reviews the literature in two broad 
sections; the first concerns the general issue of protein variation 
particularly in Drosophila and the second deals more specifically with 
esterase-6 in D. melanogaster. Chapter 2 describes and discusses the 
esterase-6 protein variation observed in a D. melanogaster population 
using high resolution cellulose acetate electrophoresis. Chapter 3 
describes the cloning and sequencing of the esterase-6 locus in 
representative lines identified in the electrophoretic study, followed 
by a discussion of the two approaches and their contribution to the 
understanding of how evolutionary forces may act on esterase-6.
Chapter 4 presents a broader discussion relating esterase-6 nucleotide 
and protein variation to that in other systems analysed at an 
equivalent level and concludes with suggestions for further work.
1.1 EVOLUTIONARY MODELS OF WITHIN SPECIES VARIATION
1.1.1 The molecular basis of electrophoretic variation
Nucleotide variation takes the form of nucleotide insertions, 
deletions and substitutions and all three forms are found in exons, 
introns and 5' and 3' flanking regions of protein coding loci. 
Insertions and deletions within exons usually result in frame shift 
mutations causing loss of the reading frame. Such mutations usually 
disable the protein entirely, and can result in phenotypic or fitness 
differences between mutant and wild type. Two subsets of nucleotide 
substitution occur within exons. Firstly, those substitutions that do
2not result in amino acid replacements due to the redundancy of the 
genetic code are called silent substitutions. Secondly, those 
substitutions that change the specificity of a codon to another amino 
acid are called amino acid replacement substitutions. Substitutions 
resulting in amino acid replacements are more likely to modify protein 
function rather than disable it entirely. The relative amounts of 
silent and amino acid replacement variation have been used to estimate 
the level of evolutionary constraint on protein sequences in 
Drosophila (Kreitman, 1983; Easteal and Oakeshott, 1985) and other 
organisms (Hayashida and Miyata, 1983) .
Protein electrophoresis usually detects amino acid replacement 
substitutions and this variation has been subject to considerable 
study (Coyne, 1982). In this regard two questions are of principle 
interest; what proportion of amino acid variation does electrophoresis 
detect, and what is the actual level of variability at polymorphic 
loci (Singh et al., 1976; Ramshaw et al., 1979; Keith, 1983)? Answers 
to these questions are relevant to the evolutionary model or models 
that best explain the variation (Kimura, 1983; Lewontin, 1985) and 
both these questions can be directed at either polymorphic variation 
within species or at interspecific differences (Coyne, 1982) .
However, this thesis is largely confined to a consideration of 
polymorphic variation within species.
1.1.2 The neutralist/selectionist debate
In the past, unexpectedly high levels of electrophoretic 
variation led to a polarisation of population geneticists into one or 
other of two viewpoints. One viewpoint, the neutral theory, predicts 
that the unexpectedly high levels of variation found for enzyme loci 
are due to the presence of ephemeral (in terms of evolutionary time), 
selectively neutral mutations. Such mutations would arise, be
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propagated within a population and then be lost due to random 
processes like founder events and genetic drift. That is, most 
polymorphic amino acid replacements would be of no functional 
significance (Kimura and Crow, 1964; Kimura, 1968; Kimura and Ohta, 
1971a, 1971b; Kimura, 1983) . The opposing selectionist viewpoint 
suggests that most observed polymorphism at enzyme loci is actively 
maintained by the forces of natural selection (Lewontin, 1974; Clarke, 
1975).
For about 15 year3 proponents of one or other viewpoint have 
dominated the literature with arguments and counter-arguments based on 
data garnered from large numbers of species and loci. It is now 
widely accepted that neither polarised view is correct and that both 
processes contribute to the observed variation (Bernstein et al.,
1973; King, 1974; Lewontin, 1985). For some loci in D. melanogaster 
such as alcohol dehydrogenase (Adh; Oakeshott et al., 1982), glycerol- 
3-phosphate dehydrogenase (Gpdh; Oakeshott et al., 1984), esterase-C 
(EstC; Singh et al., 1982) and Est6 (Oakeshott et al., 1981), 
widespread latitudinal dines in allozyme frequency occur. In the 
case of Est6 essentially similar dines are found for both D. 
melanogaster and D. simulans (Anderson and Oakeshott et al., 1984). 
These dines represent strong evidence that natural selection acts to 
maintain some enzyme polymorphisms. While dines might indicate that 
selection is acting at a given locus it must not be inferred that the 
absence of clinal variation is evidence to the contrary.
1.1.3 Molecular mechanisms of selection
More recently, attention has focussed on the molecular 
mechanism(s) underlying selective processes (Koehn and Eanes, 1978).
In most cases biochemical tests have revealed in vitro differences in
the amounts or kinetic properties of polymorphic allozymes (Zera et
4al., 1983) . However, in very few cases are either the in vivo 
physiological effects or the primary structure causes of these 
biochemical differences understood.
Some problems in elucidating the physiological effects are 
discussed in Section 1.1.4 below. With respect to causes, the 
technology is now available to determine the primary structure of 
polymorphic alleles. Nucleotide sequence analysis of cloned genes 
coding for different alleles has revealed substitutions from which 
differences in the primary amino acid structure can be inferred (for 
example Adh in D. melanogaster; Kreitman, 1983). Moreover, once amino 
acid differences between alleles have been identified and assessed 
with respect to their physicochemical properties (Dayhoff et al.,
1972; Taylor, 1986), computer modelling procedures are now available 
which can predict their effects on secondary (Chou and Fasman, 1978; 
Gamier et al., 1978) and tertiary structure (Kyte and Doolittle,
1982). Analysis of allelic differences at this level may well 
indicate the functional significance of specific amino acid 
replacements in the protein.
1.1.4 Gametic disequilibrium
For most polymorphic loci the physiological and fitness 
differences between genotypes are either unknown, or not obviously 
consistent with the biochemical differences between the alternative 
allozymes (Coyne, 1982) . Lewontin (1974) and others have suggested 
that these inconsistencies may be explained by high levels of 
electrophoretically cryptic variation and strong gametic 
disequilibrium between this and the electrophoretically detected 
variation. Thus, the detected variation may not be the primary target 
for selection, leading to contradictions between different levels of
analysis.
5Indeed, surveys of restriction fragment length polymorphisms 
(RFLP's; Aquadro et al., 1986; Schaeffer et al., 1987; Langley and 
Aquadro, 1987; S. Schaeffer et al., 1988) have revealed substantial 
levels of electrophoretically cryptic variation. Nucleotide 
polymorphism of the order of one in one hundred nucleotides has been a 
common finding. That such variation is not confined to intervening 
sequences has been established by sequential acrylamide gel 
electrophoresis (SAGE) of human haemoglobin variants of known amino 
acid sequence (Ramshaw et al., 1979). SAGE has also confirmed much 
higher levels of protein variation at several other loci than was 
evident from traditional electrophoretic procedures; for example Xdh 
and Est5 in D. pseudoobscura (Singh et al., 1976; Keith, 1983; 
Lewontin, 1985) . In addition, a survey of a 13kb region including the 
Adh locus of D. melanogaster (Aquadro et al., 1986) has revealed high 
levels of gametic disequilibrium among RFLP's, both within and between 
the ADH-F and ADH-S allozyme classes. Gametic disequilibrium is also 
being uncovered by studies of RFLP's in the Est6 region in D. 
melanogaster (A. Game, pers. comm.). Thus evidence now available 
suggests that both the extent and structure of variation may be such 
as to render traditional electrophoresis unlikely to detect primary 
targets for selection.
RFLP's are extremely useful for estimating heterozygosity and for 
determining relationships over large regions of DNA. However they are 
an incomplete method for ascertaining and characterising variability 
at the nucleotide and amino acid level. With respect to insertions 
and deletions, RFLP analysis using agarose gels cannot detect 
mutational events involving fragments of less than about 20 base 
pairs. Innovations with large thin acrylamide gels have largely 
overcome this problem (Kreitman and Aguade, 1986a). However RFLP's 
are also limited by the available restriction endonuclease recognition
ssequences. Nor does the presence or absence of a site define which of 
the nucleotides in the recognition sequence is substituted, deleted or 
inserted. Thus, SAGE, or if possible, direct determination of 
nucleotide sequences are necessary as complementary processes to 
accurately describe the extent and structure of variability in protein 
coding genes.
1.2 AMOUNT OF VARIATION 
1.2.1 Classes of variation
Present knowledge of variation for most enzyme loci is largely 
based on analysis of their protein products by methods such as 
electrophoresis (Coyne, 1982; Lewontin, 1985), isoelectric focusing 
(Ramshaw and Eanes, 1978; Whitney et al., 1985), protein 
thermostability (Singh et al., 1975; Cochrane and Richmond, 1979a; 
Sampsell and Steward, 1983) and urea denaturation (Loukas et al.,
1981). Of these procedures, the use of electrophoresis has been most 
widespread and, with the innovation of SAGE techniques, is now one of 
the most powerful methods for detecting variation (Coyne, 1982). SAGE 
involves retesting lines net differentiated by electrophoresis at one 
pH and subjecting them to electrophoresis at several other pH's and 
acrylamide gel concentrations to reveal additional variation. SAGE 
has been spectacularly successful at detecting additional variation 
for several enzyme loci and details of examples are given below and in 
Section 1.2.2.
Early studies of polymorphic loci in Drosophila relied heavily on 
electrophoresis using a single condition to classify variation and the 
actual level of variability was under-estimated for several loci. For 
example, multiple aliozyme polymorphisms at the Xdh and Est5 loci in 
D. pseudoobscura have now been resolved from six and twelve 
electrophoretic classes using standard electrophoretic conditions to
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37 and 41 electrophoretic classes respectively using SAGE (Singh,
1979; Keith, 1983; Keith et al., 1985).
The detection of known human haemoglobin variants has also been 
enhanced by SAGE techniques. Ramshaw et al. (1979) selected twenty
naturally occurring haemoglobin variants of known amino acid sequence 
at random and analysed them using SAGE. Seventeen out of the 20 could 
be discerned, compared to eight out of 20 using the standard 
electrophoretic condition alone.
In contrast, some two allele polymorphic loci in D. melanogaster 
have shown little or no evidence of additional electrophoretic 
variation when analysed by SAGE (for example, glucose-6-phosphate 
dehydrogenase, Eanes, 1983; and Gpdh, Coyne et al., 1979). The Adh 
locus in D. melanogaster is an interesting case in which three and two 
thermostability variants are known for ADH-F (ADH-Fm, ADH-Fr and ADH- 
Fs) and ADH-S (ADH-Sm and ADH-Ss) respectively (Sampsell, 1977) . ADH- 
Fm and ADH-Sm are the most frequent thermostability variants, and at 
least one of the remaining three, ADH-Fr (also known as ADH-FChD and 
ADH-F71K) is resolved using specific electrophoretic conditions 
(Gibson et al., 1982). The average population frequency of Adh-FChD 
is normally about 2% in Australian populations and this suggests that 
Adh in D. melanogaster is more appropriately considered a tri-allelic 
polymorphism (Wilks et al., 1980). The recorded population 
frequencies of the remaining two ADH thermostability variants (ADH-Fs, 
0.02% and ADH-Ss, 0.1%; Sampsell, 1977) indicate that they are not 
polymorphic. Three other naturally occurring but rare ADH 
electrophoretic variants, ADH-UF, ADH-F' and ADH-TJS, are also known 
from standard electrophoretic techniques (Chambers et al., and 
references therein, 1934) .
The more detailed level of analysis of polymorphic loci using 
SAGE has led Lewontin (1985) to suggest a reclassification of
8variation along the lines of major axis and minor axis polymorphism 
(Table 1). Major axis polymorphism denotes "classical" polymorphisms 
with two or three high frequency alleles, while minor axis 
polymorphism denotes the presence of many alleles at low but 
polymorphic frequencies. Thus, loci may be monomorphic, major or 
minor axis polymorphisms, or display both major and minor axis 
characteristics. Lewontin (1985) suggests that minor axis 
polymorphism reflects the "general tolerance of the enzyme molecule to 
substitutions" (molecular structure dependent) and the level of such 
variation should be comparable across species for a particular enzyme; 
that is, low frequency alleles are the result of selectively neutral 
or slightly deleterious mutations that are constantly generated and 
then lost over evolutionary periods of time. On the other hand, major 
axis polymorphism may be due to natural selection, and thus should 
occur differentially between species and be environment dependent; 
that is, high frequency alleles are distinct in their in vivo function 
and are not neutral to natural selection.
Major Axis Polymorphism
Miner Axis 
Polymorphism4 Monomorphic Polymorphic
Monomorphic 70% of 
loci
Eg. Adh, 
amylase (mel) Molecular
Structure
Dependent
Polymorphic Xdh
(pseudo)
Ao, Est5, (pseudo) 
Xdh (mel)
Environment Dependent
Table 1. Classification of loci by polymorphism. From Lewontin 
(1985). mel = D. melanogaster; pseudo = D. pseudoobscura. For 
description see above text.
91.2.2 What does electrophoresis detect?
Considerable debate has ensued over just what type of amino acid 
variation electrophoresis detects (Ramshaw and Eanes, 1978; Brown et 
al. , 1981) . To address this issue Ramshaw et al. (1979) applied SAGE
techniques to variants of human haemoglobin for which the amino acid 
sequences had previously been determined. One of their experiments 
was designed to test the effect on electrophoretic mobility of the 
position of a replacement in the amino acid chain while another tested 
the effects of chemically different replacements at the same amino 
acid position. In both experiments three electrophoretic criteria 
were used; acrylamide concentrations of 4.5% and 7.5% at pH8.9 and an 
acrylamide concentration of 4.5% at pH7.8.
To test for the effect of position, Ramshaw et al. (1979) 
selected naturally occurring haemoglobin variants that had the same 
amino acid replacement located at different positions in the amino 
acid chain. A total of 39 replacements were tested, representing 
eleven groups, all of which involved at least one charged residue.
The members of each group had the same amino acid replacement, and 
only differed in the position of that replacement in the amino acid 
chain. Only four of the 39 replacements (10%) were undetected under 
sequential conditions. The undetected variants were found in three 
groups, Ala—»Asp, Glu—»Lys and Gly—»Asp. The first two groups each had 
a pair of variants that could not be resolved while the third group 
had a threesome that could not be resolved. The undetected 
replacements were all associated with the surface of the haemoglobin 
molecule, implying that none of them interacted sufficiently with 
neighbouring amino acids to differentiate them with respect to 
electrophoretic mobility. However, each of the three groups had at 
least one other variant with a surface replacement that was
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electrophoretically detectable, showing that such interactions did 
occur (Ramshaw et al., 1979).
To test for the effects of chemically different replacements at 
the same amino acid position five pairs of haemoglobin variants were 
selected. Each variant was paired with another charge equivalent but 
chemically different replacement at the same position in the amino 
acid chain. Four out of five of these pairs were detected under one 
condition of electrophoresis and three of these four pairs were on the 
surface of the haemoglobin molecule. The fourth detected pair had 
very different electrophoretic mobilities and the site of the 
replacement was located in the interior of the protein. The fifth 
pair Arg—>Ser and Arg—>His could not be resolved using any of the three 
electrophoretic criteria. This pair occurs in a region close to the 
surface of the protein, and serine and histidine differ substantially 
in molecular volume and hydrophobicity (Taylor, 1986), so it is 
perhaps surprising that they were unresolved electrophoretically.
Ramshaw et al. (1979) drew two major conclusions from their
analyses. Firstly, most variants with the same amino acid replacement 
at a different position in the peptide chain had distinct 
electrophoretic mobilities by SAGE analysis. The four exceptions were 
all located on the protein surface. Similarly, most variants with 
charge equivalent replacements at the same amino acid position had 
distinct electrophoretic mobilities. They concluded therefore, that 
SAGE is very efficient at detecting most types of protein differences. 
However it must be noted that a small fraction of the variation 
remained undetected in each of the experiments.
Secondly, Ramshaw et al. (1979) noted that while there was good
overall correlation between the electrophoretic mobility and the net 
charges of the haemoglobin variants, there were also a number of 
exceptional variants whose mobility did not correlate precisely with
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their charge. Thus, electrophoretic classes do not necessarily differ 
from each other by unit charges as dictated by the charge state model 
(Ohta and Kimura, 1973; Ramshaw and Eanes, 1978). When net charge 
does not correlate with electrophoretic mobility it probably reflects 
different interactions between amino acids due to different spatial 
locations of each individual replacement (Ramshaw et al., 1979).
While Ramshaw et al. (1979) used SAGE on samples known to differ
in amino acid sequence, Kreitman (1983) took the complementary 
approach, that of determining the nucleotide sequences of alleles 
already defined by electrophoresis. Kreitman (1983) analysed 2.7kb of 
nucleotide sequence including the Adh locus of D. melanogaster. The 
sample consisted of lines homozygous for Adh-F (five lines) and Adh-S 
(six lines) alleles drawn from populations in four countries (America, 
Africa, France and Japan). Only one substitution was detected that 
resulted in an amino acid replacement (Thr—>Lys) and this replacement 
causes a charge change to the protein molecule and is presumably 
responsible for the ADH-F/ADH-S electrophoretic difference. One other 
amino acid replacement, that of Pro—>Ser, has subsequently been found 
to distinguish the polymorphic ADH-FChD from ADH-F (Wilks et al. 1980; 
Collet, 1988). Only three other amino acid replacements are known for 
ADH in D. melanogaster, and these are associated with naturally 
occurring but rare electromorphs (Thatcher and Retzios, 1980). In 
addition, the presence of rare thermostability variation in both ADH-F 
and ADH-S electromorphs suggests that more amino acid variation for 
ADH may be present in natural populations (Sampsell, 1977; Sampsell 
and Steward, 1983) . Nevertheless, Kreitman (1983) surmised that the 
lack of additional amino acid polymorphisms in his sample meant that 
most mutations leading to amino acid replacements in ADH are strongly 
selected against in natural populations.
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Kreitman (1983) found thirteen silent substitutions in exons 
among his eleven Adh lines and a comparison of silent variation within 
Adh-F and Adh-S sequences revealed more variation within ehe latter 
and suggested that the Adh-F allele was derived from an ancestral 
Adh-S form. A similar comparison by Collet (1988) has shown that the 
thermostability variant Adh-FChD was probably derived from the Adh-F 
form.
On the issue of gametic disequilibrium, Kreitman (1983) found 
that four of a total of 43 nucleotide substitutions within and around 
the gene differentiated Adh-F from Adh-S in the 2.7kb that was 
sequenced. This evidence for gametic disequilibrium involving the Adh 
locus is strongly supported by the study of Aquadro et al. (1986), who
analysed restriction fragment length polymorphisms among 48 lines of 
D . melanogaster for a 13kb region containing Adh. Aquadro et al.
(1986) found very high levels of gametic disequilibrium among RFLP's 
within Adh-F lines and substantially lower, but still significant 
levels, within Adh-S lines. Such gametic disequilibrium will need to 
be taken into account before a case for selection acting on a specific 
nucleotide difference between Adh-F and Adh-S can be demonstrated.
However, further evidence that Adh is subject to selective 
constraint has been presented by Kreitman and Aguade (1986b). A 
comparison between the Adh coding region and 4kb of its 5' flanking 
region was made within and between D. melanogaster and its sibling 
species D. simulans. Between species, the 5' flanking region was 
twice as divergent as the structural locus. Thus, they concluded that 
the locus itself was subject to purifying selection which constrains 
nucleotide change across the two species, but their was no additional 
evidence that the Adh-F/Adh-S difference within D. melanogaster is
being maintained by balancing selection.
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The Adh-F/Adh-S difference in D. melanogaster is clearly an 
example of a major axi3 polymorphism. As it lacks a large number of 
minor axis polymorphisms (it only has one, that of Adh-FChD) it has 
been classed by Lewontin (1985) as essentially monomorphic for minor 
axis polymorphism. Human haemoglobin is essentially a monomorphic 
locus (the exceptions being special cases such as in Africa where the 
sickle cell trait has resulted in major axis polymorphism; Harris,
1975) . Its large number of rare and mostly pathological variants are 
not sufficiently frequent to be considered minor axis polymorphisms 
(Harris, 1975). The remaining two categories in Lewontin's (1985) 
table (Table 1) are loci that display no major axis polymorphism but 
are polymorphic for the minor axis, and loci that display widespread 
major and minor axis polymorphism. Est6 in D. melanogaster is a 
member of the latter class and the remainder of this chapter will deal 
in detail with what is known of this system.
1.3 WHY STUDY ESTERASE-6?
Esterase-6 (Est6 = gene; EST6 = enzyme; E.C.3.1.1.1) in D. 
melanogaster has become an ideal system for population and 
evolutionary study for several reasons. The genetic and cytological 
map positions for Est6 on the third chromosome are known to be 3-36.8 
(Wright, 1963) and 69A1 (Oakeshott et al., 1987) . Furthermore, 
several EST6 null variants are available; one, homozygous viable, due 
to an insertion at the locus (Oakeshott et al., 1987) and the others, 
all homozygous lethal, in the form of small chromosomal deficiencies 
for the Est6 region (Akam et al., 1978). These, as well as standard 
third chromosome balancer stocks for D. melanogaster make Est6 readily 
amenable to genetic analysis.
Variation at the Est6 locus has been extensively documented by 
electrophoretic (Wright, 1963; Oakeshott et al., 1981) and
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thermostability techniques (Cochrane and Richmond, 1979a). The 
observation of latitudinal dines for the two common allozymes both in 
D. melanogaster and D. simulans has intensified the debate about the 
evolutionary significance of both within and between species allozyme 
variation (Anderson and Oakeshott, 1984) .
Furthermore, EST6 activity shows a degree of sex and tissue 
specificity, being mostly localised to the anterior sperm ejaculatory 
duct of adult males (Sheehan et al., 1979). This has led to a 
detailed examination of the locus with respect to the physiological 
function and biochemistry of its encoded protein and the effects EST6 
has on behaviour and fitness (Huang et al., 1971; Gromko et al.,
1984a; Scott, 1986; White et al., 1988). The evolutionary history of 
EST6 becomes even more intriguing as this particular sex and tissue 
specificity is confined to three species within the melanogaster 
subgroup. Other species in the subgroup lack one or both of these 
attributes (Morton and Singh, 1985) . Esterase-5 in D. pseudoobscura 
is homologous to Est6 in D. melanogaster and has been shown to be a 
multiple allozyme polymorphism (Keith, 1983). However Est5 does not 
have latitudinal dines for allozyme frequencies, nor is it found in 
gonadal tissues (Morton and Singh, 1985) . Hence, Est6 in D. 
melanogaster was considered a more promising gene-enzyme system to 
explore in terms of understanding the evolutionary significance of 
electrophoretic and nucleotide variation.
In addition, a clone of the Est6 gene has been isolated and its 
nucleotide sequence determined (Oakeshott et al., 1987) . The 
availability of a clone for Est6, added to the wealth of other 
information on the locus, makes Est6 an outstanding evolutionary model 
system for the study of structural and regulatory protein variation
within and between species.
15
1.4 ESTERASE-6 IN DROSOPHILA MELANOGASTER
1.4.1 General biochemistry
EST6 (E.C .3.1.1.1) is a non-specific ß-carboxylesterase 
distinguished by its high in vitro activity for short chain ß-napthyl 
ester substrates (White et al., 1988). EST6, purified by gel 
filtration and SDS acrylamide electrophoresis, has an approximate 
molecular weight of 60kD (Mane et al., 1983a). Purified EST6 binds to 
Concanavalin A Sepharose, and glucosamine residues were found during 
amino acid analysis, indicating that EST6 is a glycoprotein (Mane et 
al., 1983a) . Titration of the purified protein with Paraoxon (an 
irreversible inhibitor) gave a molar ratio of 1:1 implying that EST6 
is a monomer with a single catalytic site (Mane et al., 1983a).
1.4.2 Physiology of esterase-6
EST6 is present during larval, pupal and adult stages of D. 
melanogaster but the amount of EST6 activity varies across life stages 
and between the sexes (Sheehan et al., 1979). Prior to eclosion, both 
sexes have low EST6 activity, with a small peak in activity during the 
second instar. Twelve to 36 hours after eclosion EST6 activity 
increases rapidly (Sheehan et al., 197 9) . This increase is due to 
increased production of EST6 protein (Game and Oakeshott, 1988) which 
in turn is the result of increased levels of EST6 mRNA (Oakeshott et 
al., 1987). In females, EST6 activity levels stabilise at about 36 
hours post-eclosion. For virgin males, a dramatic increase in 
activity continues until about 72 hours post-eclosion, so that males 
have adult activity levels between three to seven times greater than 
females. Different relative levels of EST6 activity between the sexes 
are due to production of EST6 in the male anterior ejaculatory duct 
(AED) (Sheehan et al., 1979; Stein et al., 1984; Game and Oakeshott, 
1988). The AED is a secretory and propulsory tract joining the
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accessory glands and testes to the ejaculatory bulb and penis (Chen, 
1964). About 70% of male EST6 activity has been localised to the AED 
(Morton and Singh, 1985).
These sex and tissue specificities imply that EST6 plays a role 
in some aspect of reproductive function. Further evidence for this is 
that AED EST6 is transferred to females in the first few minutes of 
copulation, prior to sperm transfer (Richmond and Senior, 1981) .
Sperm transfer from the male to the female occurs about ten minutes 
into a copulation, which lasts for about 20 minutes (Gromko et ai., 
1984a) . After mating, male levels of EST6 return to virginal levels 
after one to two days (Richmond et al., 1980; Richmond and Senior,
1981). Within minutes of its passage into the vagina male donated 
EST6 is translocated into the female haemolymph (R. Richmond, pers. 
comm.). It has been speculated that male donated EST6 in the female 
haemolymph may interact with neural targets in the brain that control 
receptivity to mating (Tompkins and Hall, 1983; R. Richmond, pers. 
comm.) . Recent evidence suggests that male donated activity can be 
detected within females for up to two to three days after copulation 
(R. Richmond, pers. comm.) although most male donated EST6 activity 
has been lost from females by about four hours after copulation 
(Richmond and Senior, 1981).
1.4.3 Esterase-6 and mating behaviour
One readily testable question naturally followed from the 
physiological observations; what effect does the presence or absence 
of male donated EST6 have on female reproductive behaviour? Gilbert 
and Richmond (1982) mated females from standard laboratory stocks to 
EST6 active versus EST6 null males at two temperatures, 18°C and 25°C. 
At 18°C males with active EST6 mated about seven minutes sooner and 
copulated for about five minutes less than EST6 null males. These
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effects were not seen in flies kept at 25°C. Gilbert and Richmond 
(1982) suggested that at the lower temperature EST6 might aid in sperm 
transfer, storage and use by directly or indirectly increasing sperm 
motility. As sperm motility may be related to temperature (Gromko et 
al., 1984a), the absence of an EST6 effect at the higher temperature 
might be expected.
Female remating behaviour is also affected by the presence or 
absence of male donated EST6. The remating effect is measured as the 
incidence of female remating after an initial copulation. It has two 
components when males of the initial mating are wild type for EST6 
activity; the first is a reduction in the incidence of female remating 
during the first day after the initial copulation. The second is an 
increase in the incidence of female remating in days subsequent to the 
first day.
Scott (1986), working at 22°C, found that remating was less 
likely during the first day after an initial mating to an EST6 active 
male when compared to an EST6 null male. This effect was due to a 
decrease in the receptivity of the female to the male rather than a 
decrease in the females attractivity to the male, as was thought in a 
previous study (Mane et al., 1983b).
The laboratory-generated null line used in Scott's (1986) 
experiment occasionally reverted to an EST6 active form (due to the 
excision of a B104 transposable element from the Est6 gene, Oakeshott 
et al., 1987). It was therefore possible to use the revertant lines 
as the EST6 active flies in experiments on the behavioural effects of 
EST6 activity. This means that almost the only genetic difference 
between the EST6 null and active males that could account for the 
remating differences was the Est6 locus itself.
Interestingly, decreased receptivity of the female to remating 
only occurs during the first day after the first mating. The
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relevance of this result to male fitness lies in the observation that 
if a second mating with another male occurs within a day of a females 
first mating, then between 40-90% of the first male's sperm is 
displaced in favour of the second male's sperm (Gilbert et al., 1981a; 
Gromko et al., 1984a, 1984b).
At time periods longer than one day after the initial mating 
females mated to EST6 active males are more likely to remate than 
those mated to EST6 nulls (Richmond et al. 1980; Gilbert et al.,
1981b). If EST6 activity increases sperm utilisation (Gilbert, 1981; 
Gilbert and Richmond, 1982) , and female remating propensity also 
correlates to depleted sperm stores (Gromko et al., 1984a, 1984b), 
then the reversal in remating speed between the first day and 
subsequent days is not contradictory.
As yet, no satisfactory biochemical explanation for the mating 
effects outlined above has been advanced, although at one time several 
lines of evidence indicated that EST6 hydrolysed cis-vaccenyl acetate 
to cis-vaccenyl alcohol to produce an anti-aphrodisiac effect (Mane et 
ai., 1983b; Zawistowski and Richmond, 1986). Sensitive gas 
chromatography measurements of cis-vaccenyl acetate and cis-vaccenyl 
alcohol levels in individual flies of both sexes have shown that EST6 
is not implicated in controlling the amounts of these substances 
present in the flies (Vander Meer et al., 1986; Scott and Richmond, 
1987). Clearly, identification of the real in vivo substrate for EST6 
will be an important objective for future work directed at 
understanding the physiological and behavioural effects of EST6.
1.4.4 The EST6-F/EST6-S polymorphism
Wright (1963) was the first to report the EST6-F/EST6-S 
electrophoretic difference for in D. melanogaster. He mapped this co­
dominant variation to the Est6 locus on the third chromosome at
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position 36.8. The EST6-F allozyme was defined as having the greater 
anodal relative mobility. The same EST6-F/EST6-S polymorphism was 
also found in D. slmulans (Wright and MacIntyre, 1963) . Aside from 
the two common allozymes, several studies have since revealed low 
frequency polymorphic allozymes for EST6 in D. melanogaster. The 
total number of reported polymorphic allozymes for EST6 is confused by 
the use of different electrophoretic procedures and classification 
schemes by different researchers (Rodino and Martini, 1971; Rodino and 
Danieli, 1972; Cochrane and Richmond, 1979a; Cabrera et al., 1982; 
Costa et al. 1982; and for a summary Lindsley and Zimm, 1985) .
However, the overall consensus from the above citations is for at 
least three more allozymes, one with slower anodal mobility than the 
common EST6-S, and two with faster anodal mobilities than EST6-F.
Three types of observations have been made for the common 
EST6-F/EST6-S difference that suggest that the polymorphism is of 
adaptive significance. These are; biochemical differences between 
electromorphs; latitudinal dines in electromorph frequency; and 
fitness differences among genotypes measured in laboratory 
populations.
1.4.4.1 Comparative biochemistry of EST6-F and EST6-S variants
White et al. (1988) purified EST6 protein from two strains of D. 
melanogaster with similar genetic backgrounds. One strain was 
homozygous for the Est6-F allele and the other homozygous for Est6-S. 
Active site titration was used to accurately measure the amount of 
each allozyme and these amounts were kept the same at each stage of 
the kinetic analyses. Because of the high level of precision due to 
this technique, Kcat, the measure of EST6 catalytic efficiency at high 
substrate concentrations, could be calculated by dividing Vmax by the 
EST6 allozyme concentration. When Kcat was divided by Km it measured 
EST6 catalytic efficiency at low substrate concentrations. Kcat
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values were calculated for each allozyme at five temperatures between 
10°C and 30°C using ß-napthyl acetate as the substrate. EST6-S showed 
a trend for greater catalytic efficiency than EST6-F with high 
substrate concentrations for all five temperatures. Furthermore, 
EST6-S had significantly greater catalytic efficiency at low substrate 
concentrations between 10°C and 20°C, but no differences were found 
between the two allozymes at higher temperatures.
The purified EST6 allozymes were also treated with five 
organophosphate insecticides which act as inhibitors of esterase 
activity in many organisms (White et al., 1988). One of these, 
Phosdrin, significantly reduced the activity of the EST6-S form 
relative to EST6-F. This result is consistent with a much earlier 
finding by Wright (1963) , where another organophosphate, Mipafox, also 
substantially reduced EST6-S activity relative to EST6-F when the 
allozymes were run on starch gels and then treated with the inhibitor.
The different enzyme kinetics and responses of EST6-F and EST6-S 
to specific organopnosphates must be due to structural variation 
between allozymes at the Est6 locus. This variation may be due to the 
locus itself or to post-translational modification of the protein 
product prior to its purification.
That other loci can affect the structure of the EST6 protein has 
been made clear by the discovery of another polymorphic gene which 
modifies EST6 electrophoretic mobility (Cochrane and Richmond, 1979b). 
This gene slightly decreases the mobility of both EST6-F and EST6-S 
allozymes. This modifier gene, called m-est, has been mapped on the 
third chromosome to position 56.7, is rare in natural populations, and 
only recessive homozygotes cause modification (Cochrane and Richmond, 
1979a, 1979b). As EST6 is known to be glycosylated (Mane et al.,
1983a) the post-translational addition or subtraction of one or more
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glycans may be the means through which m-est acts to alter 
electrophoretic mobility.
When Wright (1963) identified the Est6 polymorphism he also found 
differential loss of EST6 activity between crude homogenates for 
EST6-F and EST6-S lines when they were subjected to 50°C for ten 
minutes. Almost all EST6-F activity was lost while EST6-S activity 
was only slightly diminished. On the other hand the EST6-F and EST6-S 
variants in D. simulans are equally thermostable, with similar 
thermostability as EST6-S in D. melanogaster. This result prompted 
Wright and MacIntyre (1965) to search for a heat stable form of the 
EST6-F allele in D. melanogaster, which they found and then mapped to 
the Est6 locus. In more detailed analyses of this effect Cochrane 
(1976) and Cochrane and Richmond (1979a) documented thermostability 
variation for the Est6 locus in four North American populations. A 
total of seven variants were identified, four from EST6-F lines and 
three from EST6-S. Furthermore five of the seven variants were 
present at polymorphic frequencies in each population and this 
thermostability variation also mapped to the Est6 locus (the remaining 
two were polymorphic in three out of the four populations).
Assuming that thermostability (and electrophoretic) variation is 
due to structural changes at the Est6 locus (but see m-est above for 
an exception), the minimum number of nucleotide substitutions needed 
to account for the thermostability variation is not seven, but 
somewhere between four and seven, allowing for recombination between 
electrophoretic and thermostability variation.
Thermostabilities were measured at between 50°C and 60°C, well 
above any physiologically meaningful temperature (Cochrane and 
Richmond, 1979a) . However, thermostability variation may well be a 
symptom of more functionally significant differences such as variation
in the protein's in vivo half-life (Goldberg and Dice, 1974; Matsumura
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et al., 1986/ White et al., 1988) . If thermostability is a secondary 
reflection of an adaptively significant change, then the study of this 
type of variation will become of utmost importance to population 
geneticists.
The Est6 structural locus is by no means the only source cf EST6 
activity variation. Tepper et al. (1984) analysed activity variation
from 41 X chromosome substitution lines and showed that up to two-fold 
EST6 activity differences could be ascribed to the X chromosome. More 
sensitive assays of EST6 protein amounts using polyclonal anti-EST6 
antibody showed that the activity variation was due to differences in 
the amount of EST6 produced and Tepper et al. (1984) concluded that at 
least one locus on the X chromosome regulates EST6 production.
A more recent study (Game and Oakeshott, 1988) using 43 third 
chromosome isoallelic lines from Coffs Harbour (a sub-sample of the 
lines used in this thesis) has found three-fold differences among 
lines in the amount of EST6 produced in males and 2.5-fold differences 
in EST6 amount in females. The causes of the variation in the two 
sexes are largely independent, although both are likely to be due to 
third chromosome effects. There was no strong correlation found 
between the activity differences and the electrophoretic classes 
described in Chapter 2 of this thesis. It remains to be shown whether 
variation in EST6 protein levels reflect differences in the level of 
transcription or translation or are due to variation in the stability 
of the mRNA or protein. It is possible that EST6 activity variation 
will be found to be regulated by linked and unlinked loci through all 
(and more) of the above mechanisms.
Three authors have attempted to identify null alleles at the EST6 
locus from natural populations. Voelker et al. (1980a) found no 
evidence of null EST6 variants in a survey of 804 isoallelic 
chromosomes from a North American population. Voelker et al. (1980a)
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defined null variants as those with no detectable catalytic activity. 
However, two papers report the existence of low activity variants 
which they imply are null variants. Trippa et al. (1979) isolated a
slow variant with a frequency of about 3% from a population in Rome 
that took four times the usual length of time to stain after 
electrophoresis on starch gels. Although referred to as a "null” by 
these authors, this level of activity variation between lines is also 
known for Australian lines (Game and Oakeshott, 1988) . Cambissa et 
al. (1982) surveyed two other Italian populations and reported a null 
frequency of about 3% in each. Once again, these "null" variants are 
in fact low activity variants. In their methods Cambissa et al.
(1982) do not report using virgin males. Using virgin males is 
essential, as a major proportion of male EST6 activity is transferred 
to females during mating (Richmond and Senior, 1981). In addition, 
Cambissa et al. (1982) did not isolate the third chromosomes carrying 
their reported nulls and so could not retest them. The only true EST6 
null variants known are those isolated from laboratory populations.
Of these, only one has arisen spontaneously. This null is caused by 
the insertion of a B104 transposable element into the Est6 coding 
region and reversion to wild type occurs at high frequency (Oakeshott 
et al., (1987) .
The biochemical analyses and genetic mapping experiments make it 
a likely proposition that electrophoretic, thermostability and kinetic 
differences will be caused by mutations at the Est6 locus. On the 
other hand, ample evidence exists that variation in enzyme amounts can 
also be encoded by linked or unlinked regulatory loci. The only means 
of accurately gauging the level of variation at the Est6 locus is to 
determine either amino acid sequences or nucleotide sequences from 
different lines. Nucleotide sequence analysis is the best choice if a 
clone is available; not only is this approach more feasible
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experimentally, it also provides information on non-coding sequences 
such as introns, regulatory and flanking regions which are not 
available from amino acid sequence studies.
1.4.4.2 Latitudinal dines
Latitudinal dines are known to occur for the Est6-F and Est6-S 
alleles in populations of D. melanogaster on three continents; 
Australasia, North America and Europe. At 20° latitude Est6-F is the 
predominant allele (-80%) while at 50° latitude Est6-F frequency falls 
to around 20% in favour of Est6-S (Oakeshott et al., 1981) .
One possible explanation for the Est6 dine is that allele 
frequencies are a reflection of their gametic disequilibrium with 
third chromosome inversion frequencies, which are also known to vary 
clinally (Voelker et al., 1978; Knibb et al., 1981) . However, 
consideration of the direction of gametic disequilibrium between Est6 
and In(3L)P (which contains the Est6 locus) in D. melanogaster 
suggests that the dine in inversion frequencies works against the 
allozyme dine in North America (Voelker et al., 1978). In addition 
Anderson and Oakeshott (1984) showed that an even stronger dine 
occurs for Est6 in D. simulans, a sibling species of D. melanogaster 
which shares the Est6-F/Est6-S polymorphism but lacks third chromosome 
inversions.
There is a considerable possibility that North America and 
Australasia were recently colonised by D. melanogaster commensal with 
European man (Bock, 1980). If this is the case then dines for Est6 
frequency on these continents have established themselves relatively 
rapidly, enhancing the likelihood of selection as a mechanism for the 
maintenance of the clinal variation.
However, the actual component of the environment that varies with 
latitude and results in the dines remains elusive. Seasonal 
fluctuations in electromorph frequency over a period of five years for
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several populations in the Hunter Valley of N.S.W. indicated that 
temperature might be involved in the cline because Est6-F frequency 
declined in winter and increased in late summer (Franklin, 1981). 
Oakeshott et al. (1988) attempted to elucidate the role of temperature 
in the clinal variation more precisely by sampling five populations 
from widely separated latitudes in Australia. Samples of these 
populations were then maintained in enclosed natural environments at a 
single location (Canberra) at a central latitude. It was anticipated 
that Est6-F and Est6-S frequencies in populations from very different 
latitudes would shift towards the intermediate frequencies of the 
central test site. No such effect occurred, implying that the 
physical environmental component responsible for the cline was either 
absent or confounded by some other unknown factor in the experiment. 
This hypothesis is supported by the fact that for two other loci (Adh 
and Gpdh) with allele frequency dines, the populations displayed 
heterozygote advantage and convergence towards the test site 
frequencies. Thus, temperature, seemingly the most obvious 
environmental difference asssociated with latitude, does not appear to 
be directly responsible for the clinal pattern in Est6 allele 
frequencies.
Several lines of evidence indicate that insecticides could affect 
Est6 gene frequencies and result in a cline. Firstly, non-specific 
carboxylesterases have been strongly implicated in insecticide 
resistance in the Australian sheep blowfly, Lucilla cuprina (Hughes 
and Raftos, 1985; Raftos, 1986). Secondly, two out of six 
organophosphate insecticides (Phosdrin and Mipafox) inhibit activity 
of EST6-S to a much greater extent than EST6-F (Wright, 1963; White et 
al., 1988) . Thirdly, a field study in Egypt by Abou-Youssef et al.
(1983) showed that Est6-F frequency rose in a population of D.
melanogaster subject to high levels of the insecticides Dursban and
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Lannate and then fell again when the insecticide treatment was 
discontinued. Dursban is an organophosphate while Lannate is a 
carbamate. Fourthly, Est6-F frequencies were higher in laboratory 
cage populations treated with Dursban or Lannate than in control cage 
populations not exposed to insecticide (Abou-Youssef et al., 1984). 
However, it remains necessary to show differential geographical use of 
insecticides with respect to latitude before any formal consideration 
of insecticides as a contributing factor to the Est6 allele frequency 
cline can be made.
Analysis of the Est6 locus at the nucleotide level may provide 
further insight into the latitudinal dines. It is by no means 
certain that the amino acid replacement(s) responsible for the 
EST6-F/EST6-S electrophoretic difference will be physiologically 
significant. It could be that the EST6-F/EST6-S difference is tightly 
linked to some other more relevant substitution within or near the 
gene. Knowledge of ehe amount of variation at the Est6 locus, its 
molecular basis and functional significance could suggest the 
physiological basis of any natural selection underlying the cline.
1.4.4.3 Fitness experiments
Several laboratory experiments have shown significant fitness 
differences between genotypes at the Est6 locus of D. melanogaster.
The experiments mostly concern effects on genotype frequencies due to 
temperature, initial population gene frequency and the addition of 
substrates or inhibitors to the food.
As discussed in Section 1.4.3 Gilbert and Richmond (1982) mated 
standard laboratory females to EST6 active versus EST6 null males. At 
18°C females mated to EST6 active males produced about 30% more 
progeny than those mated to EST6 null males. In contrast, no 
productivity differences were seen at 25°C. A similar experiment has 
been conducted to compare EST6-F and EST6-S lines at the same two
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temperatures (R. Richmond, pers. comm.). In addition, the presence or 
absence of live yeast was included as a factor in this experiment as 
yeast availability is known to have a significant influence on 
productivity (Nunney, 1983). No productivity differences between EST6 
genotypes were found at either temperature for vials that had added 
live yeast. At 18°C, and without live yeast, crosses involving a 
heterozygote of either sex produced significantly more progeny than 
crosses between any combination of homozygotes. At 25°C, and without 
live yeast, crosses involving either males or females homozygous for 
Est6—S tended to produce fewer progeny than heterozygotes or 
homozygotes for Est6-F (R. Richmond, pers. comm.).
The apparent advantage of EST6-F at the higher temperature is 
consistent with the hypothesis that temperature may be a selective 
factor underlying the latitudinal dines, although other evidence 
argues against this possibility (Section 1.4.4.2.).
The study of Richmond (pers. comm.) cited above utilised two 
stocks homozygous for Est6-F and Est6-S created by combining 149 and 
82 isofemale lines respectively, all independently derived from a 
natural population. This procedure tends to randomise the genetic 
background of the homozygous stocks, reducing the likelihood of 
gametic disequilibrium affecting the outcome of the experiment. 
Unfortunately, it also raises the possibility that electrophoretically 
undetected variation at the Est6 locus is introduced, so that the 
stocks cannot be truly considered homozygous. Furthermore, the 
fitness differences between genotypes only emerged when yeast was 
restricted in the diet, implying a complex interaction between 
temperature and dietary factors.
Aslund and Rasmuson (1976) measured differences in sexual 
activity between genotypes of Est6-F and Est6-S at two temperatures, 
16°C and 25°C. The stocks used in their experiments were generated by
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combining independently extracted isoallelic lines as in the study of 
Richmond (pers. comm.) above. In each test the sexual activity of 100 
flies (25 from each of two genotypes and sexes) was observed for a two 
hour period. (For identification purposes one of the genotypes was 
marked with methylene blue dye added to the food). At 16°C, no 
differences were found among the genotypes in male sexual activity. 
However, homozygous Est6-S females showed greater sexual activity than 
females of the other two genotypes, which had equivalent sexual 
activities. At 25°C, the heterozygous and homozygous Est6-S females 
had equivalent levels of sexual activity and these were greater than 
those of homozygous Est6-F females. In addition, the Est6 genotypes 
differed with respect to the sexual activity of males at 25°C. 
Homozygous Est6-F males showed greater sexual activity than males of 
the other two genotypes at 25°C. Thus, the higher level of sexual 
activity in Est6-S female genotypes was compensated for by the higher 
levels of sexual activity in homozygous Est6-F males at the higher 
temperature. Aslund and Rasmuson (1976) concluded that balancing 
selection between the sexes for sexual activity may contribute to the 
Est6-F/Est6-S polymorphism.
Several authors have proposed frequency dependent selection as a 
means of maintaining the Est6-F/Est6-S polymorphism. Kojima and 
Yarbrough (1967) and Morgan (1976) found that Est6-F frequency tended 
towards 30% among progeny derived from parents set up over a range of 
starting Est6-F frequencies. Yarbrough and Kojima (1967) sampled Est6 
allozyme frequencies for 30 generations in cages with starting 
frequencies of either 90% or 10% Est6-F. After 30 generations seven 
out of eight cages had converged strongly towards the control cage 
frequency of about 30% Est6-F. Computer simulations showed that a 
model of selection in which coefficients varied with allele frequency 
fitted the data better than a model of heterozygote advantage with
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fixed selection coefficients. Kojima and Yarbrough (1967) and 
Yarbrough and Kojima (1967) used the same inbred stocks for their 
work, but those of Morgan (1976) were from a separate outbred sample. 
The use of inbred stocks in the first two studies could be critisised 
because results may have been confounded by linkage disequilibrium 
between the locus under study and other loci affecting fitness 
(Yoshimaru and Mukai, 197 9) . However, the general repeatability of 
the results in the study of Morgan (1976) suggests that frequency 
dependent selection may indeed operate on the Est6-F/Est6-S 
polymorphism.
Huang et al. (1971) proposed and tested a possible mechanism for
the observed frequency dependent selection. They conditioned the 
media by growing larvae of each Est6 genotype in separate vials.
These larvae were then killed by briefly freezing the vials. Freshly 
eclosed larvae of each Est6 genotype were then placed on the three 
types of conditioned media. Larvae of any given genotype were found 
to be most viable when grown on a vial conditioned by one of the other 
genotypes; for example, the Est6-S homozygotes had lowest viability 
when grown in vials conditioned by their own genotype, intermediate 
viability when grown in vials conditioned by heterozygotes and highest 
viability in vials conditioned by Est6-F homozygotes. The equilibrium 
allele frequency could be predicted from the data and was found to be 
about 35% Est6-F, in close agreement with the studies cited above.
Huang et al. (1971) speculated that this phenomenon was either 
due to the addition of some genotype specific by-products to the media 
or due to the depletion of genotype specific resources. Furthermore, 
like the yeast effect in Richmond's (pers. comm.) experiment above, 
Kojima and Huang (1972) found that the conditioning effect was only 
apparent when larvae were grown in crowded conditions where food 
resources were scarce.
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Two experiments have compared the fitnesses of Est 6 genotypes 
bearing low frequency alleles with those bearing the common Est6-F and 
Est6-S alleles. Costa and Beardmore (1980) set up cultures 
polymorphic for Est6-S and a low frequency allele, Est6-VF. The 
experiment was set up so that mixtures of pre-mated females carrying 
fertilised eggs of specific genotypes would produce progeny in Hardy- 
Weinberg expected frequencies of 0.8, 0.5 and 0.2 Est6-VF. At the 0.8 
and 0.5 Est6-VF input frequencies the Est6-VF homozygotes were 
disadvantaged in the progeny compared to the other two genotypes, 
while at the 0.2 Est6-VF input frequency there was no difference 
between genotypes. This implied that Est6-VF or a region of the 
chromosome marked by Est6-VF was considerably less viable than Est6-S, 
but only when the frequency of Est6-VF was relatively high.
The second study examining the selective significance of low 
frequency Est6 alleles was carried out by Nigro et al. (1985) . They
first compared the fitnesses of genotypes bearing the Est6-VF and 
Est6-F alleles. In addition they compared Est6-VF with another low 
frequency allozyme, Est6-VS. These experiments were designed with 
mixtures of pre-mated females in the same way as the study of Costa 
and Beardmore (1980) . In the experiment comparing Est6-VF and Est6-F 
genotypes, the Est6-VF allele was significantly disadvantaged, as it 
was against Est6-Sf above. However, in this case there was no 
evidence for frequency dependent selection. In the experiment 
comparing Est6-VF and Est6-VS the heterozygotes were invariably found 
to be the fittest genotype in the progeny, with no significant 
differences in the fitnesses of the two homozygotes.
Three experiments have been carried out to test whether the 
addition of possible substrates for EST6 to the food also affects the 
relative fitnesses of Est6 genotypes. The design of these experiments 
was similar to the two above, in this case using mixtures of pre-mated
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females derived from inbred Est6-F and Est6-S lines. The addition of 
tv/o naturally occurring substrates, n-propyl formate (Danford and 
Seardmcre, 1980) and methyl malonate (Costa et al., 1985; Costa et 
al., 1986) was associated with increased frequency of Est6-F 
homozygotes in the progeny. The above authors suggest that the level 
of toxic end products from the catalysis of these substances by EST6 
is greater for the Est6-S homozygotes because of higher activity of 
the EST6-S variant compared to that of EST6-F.
The higher activity of EST6-F compared to EST6-S when treated 
with the inhibitors Mipafox (Wright, 1963), Phosdrin (White et al., 
1988), and Dursban and Lannate (Abou-Youssef et al., 1983; Abou- 
Youssef et al., 1984) has already been mentioned (Sections 1.4.4.1 and 
1.4.4.2) . Three of these, Phosdrin, Mipafox and Dursban, are all 
organophosphate insecticides and one further study has explored 
fitness effects of a similar compound, Malathion. Singh and Morton 
(1985) added Malathion to the food of D. xielancgaster populations for 
100 generations. Est6-F and Est6-S allele frequencies were initially 
perturbed in the first generation but in subsequent generations 
returned to control values. However, the effect in the first 
generation was not confined to one allele, as different replicates 
showed large genotype frequency shifts in opposite directions. It was 
concluded that EST6 had no direct role in malathion resistance but the 
return to control frequencies was interpreted as evidence of balancing 
selection at the Est6 locus.
Thus the fitness studies have shown that the presence or absence 
of active EST6 in the ejaculate of D. melanogaster males affects male 
and female mating behaviour (Section 1.4.3) . In addition the 
frequencies of polymorphic variaticn at the Est6 locus can be 
manipulated by altering several aspects of the laboratory environments 
in which they are cultured. The effects most consistently supported
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by the evidence are those involving mating behaviour, productivity 
differences, frequency dependent selection and those suggesting 
involvement with organophosphate insecticides. Taken as a group, and 
despite inconsistencies between the results of some of the 
experiments, the results strongly suggest that selection is acting on 
variation at the Est6 locus and also perhaps on several other nearby 
loci. On the other hand, each experiment cited above is open to the 
critisism that gametic disequilibrium and/or undetected variation at 
the Est6 locus is responsible for the observed differences between 
allozymes.
1.4.5 Molecular characterisation of esterase-6
Oakeshott et al. (1987) have cloned and sequenced the Est6 gene
in D. melanogaster so that molecular approaches to the population 
genetics of this locus can be pursued. Initially, partial peptide 
sequences were obtained from purified EST6 protein. The corresponding 
oligonucleotides were then made and used to probe libraries of DNA 
from D. melanogaster. A cDNA clone coding for 544 amino acids was 
found that hybridised in situ to the chromosomal location of Est6 
(69A1; Akam et al., 1978). Two transcripts of 1.68 and 1.83kb were 
found to hybridise to one strand of the cDNA. The presence of two 
transcripts may be due to two polyadenylation signals and the 
significance of dual transcripts is unclear. An EST6 null line lacked 
either transcript, due to the insertion of a BIO4 transposable element 
in the gene. Transcripts from the Est6 active line revealed a 
developmental profile identical to the known developmental profile of 
EST6 (Oakeshott ec al., 1987).
Comparison of a genomic sequence to that of the cDNA sequence 
revealed a single 51bp intron towards the 3' end of Est6, resulting in
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a) Exon I Intron Exon II
(1387 bp) (51 bp) (248 bp)
R P P B
b)
SP * * * *
---------c-c------- D--s---- c-c--------------- H--c-o1
Figure 1.
a) . Schematic representation of the Est6 nucleotide sequence (solid 
line) showing the organisation and size of the exons and intron. The 
EcoRI (R) site begins 24bp 5' to the first methionine codon in Est6. 
Pst (P) and BamHI (B) sites are as shown. Additional EcoRI sites (not 
shown) occur about 2.3kb and 4.3kb 3' to Est6. The former site is 
polymorphic while the latter is invariant.
b) . Schematic representation of the primary amino acid sequence of 
EST6, showing major features. SP = Signal peptide; * = Positions of 
putative glycosylation sites; D, S and H = Positions of aspartic 
acid, serine and histidine residues that may form the active site; C = 
cysteine residues that form disulphide bridges between adjacent pairs.
two exons of 1387bp and 248bp (Figure la) which encode 462 and 32 
amino acids respectively (Collet et al., in prep.).
The existence of a 21 amino acid signal peptide for EST6 
(Figure lb) is very likely because tryptic digests of mature EST6 
protein resulted in a class of peptide beginning 21 amino acids in 
from the inferred sequence at a serine residue. This Ser is not part 
of a recognition site for cleavage by trypsin, which implies that it 
is in fact the amino terminus of the mature protein (Oakeshott et al., 
1987). In addition, this putative 21 amino acid signal peptide has 
many properties in common with other known signal peptides (for 
pancreatic proteins in canines, Carne and Scheele, 1982; and proteins 
in E. coli, Sjostrom et al., 1987). Signal peptides are 
characteristic of secreted proteins, and are cleaved off the nascent
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proteins during translation, in concert with the secretion of the 
elongated protein through the endoplasmic reticular membrane (Schmidt 
and Mishkind, 1986) . The presence of a signal peptide is consistent 
with the evidence that EST6 is produced in the anterior ejaculatory 
duct cells of males and then secreted across the cell membrane in 
vesicles to the seminal fluid (Section 1.4.2).
Four recognition sequences for N-linked glycosylation (N*S or N*T 
where * = any amino acid; Oakeshott et al., 1987) were found in the 
EST6 sequence, which concurs with biochemical evidence that EST6 is a 
glycoprotein (Mane et al., 1983a; Section 1.4.1).
The putative active site for EST6 may consist of three key, non­
contiguous amino acids, aspartic acid, serine and histidine (Fig.lb) 
that are thought to be involved in a charge relay donating a proton to 
the ester bond of the substrate (Myers et al., 1988). Direct evidence 
on this point is not available but Myers et al. (1988) have shown
regions containing these three residues in EST6 are homologous to 
regions known to have this function in members of the serine protease 
family and in acetylcholinesterase from the Torpedo ray.
Three putative disulphide bridges occur between paired cysteine 
residues in EST6. The existence of the first two disulphide bridges 
is supported by homology between the relevant cysteine residues in 
EST6 and those in acetylcholinesterase of the Torpedo ray for which 
these two bridges have been biochemically determined (MacPhee-Quigley 
et al., 198 6) . The third disulphide bridge in EST6 is not homologous 
to the third bridge in acetylcholinesterase in terms of the locations 
of the relevant cysteine residues in the primary sequences. However, 
it is known that none of the six cysteine residues in EST6 exist in 
the free -SH state (Mane et al., 1983a), so by inference, this 
remaining pair of Cys residues has to be bridged.
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CHAPTER 2 ESTERASE-6 PROTEIN ELECTROPHORESIS
2.1 INTRODUCTION
An electrophoretic study of EST6 variation in a Coffs Harbour 
population is described in this Chapter. Cellulose acetate 
electrophoresis was the chosen method for the study because it was far 
simpler to undertake than SAGE and proved to be as effective at 
determining protein variation not detectable by standard 
electrophoretic methods. This study was deemed necessary so that 
protein electrophoretic variation could be more clearly defined by the 
later application of molecular techniques as discussed in Chapter 3.
In addition, several population genetics aspects of the Est6 locus 
could be evaluated, such as the association of lethals with Est6, the 
mapping of genetic variation to the locus and the relationship of 
known EST6 protein thermostability variation to electrophoretic 
variation.
2.2 MATERIALS AND METHODS 
2.2.1 Fly stocks and crosses
One hundred and fifty-nine individual third chromosomes were 
isolated from a population at Coffs Harbour, N.S.W., using a routine 
back-crossing program to a standard balancer third chromosome, TM3 
(Figure 2). The structure of the back-crossing program was such that 
each of the 159 lines obtained derived ail its X chromosomes and about 
75% of its seconds and fourths from the balancer stock. Forty-three 
wild third chromosome lines were sufficiently viable that they could 
be isolated and maintained as homozygotes.
One hundred and sixteen chromosomes which were lethal or had low 
viability as homozygotes were crossed to a stock heterozygous for
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Step 1. Individual wild/caught males from Coffs Harbour were crossed 
to females from a third chromosome balancer stock.
TM3, Sb
MALE FEMALE
Ser
X ======
+2
1
TM3, Sb
■
+2 +i +2
TM3, Sb__I Ser1__ Ser
SELECT DISCARD
Step 2. Individual +/TM3,Sb males were backcrossed to Ser/TM3, Sb 
females.
*i Y
Ser
TM3, Sb
A
i
TM3, Sb
+1 _ J l
TM3, Sb Ser
TM3, Sb TM3, Sb
= = = = = =  ;
Ser Tm3,SbI_______________ 1
SELECT DISCARD DIE
Step 3. +/TM3,Sb heterozygotes were mated inter se and the progeny of
each genotype in the offspring for each cross were counted for later 
analysis of their homozygous viabilities.
1
TM3, Sb
; 2
. +1
TM3, Sb
TM3, Sb
TM3, Sb
TM3, Sb
SELECT DIE
Step 4. Homozygous stocks were established by intercrossing +/+ 
progeny if +/+ were produced which were sufficiently viable and 
fertile; otherwise, the +/TM3,Sb heterozygotes were further crossed to 
make hemizygous lines as shown in Figure 3.
Figure 2. Initial crosses of wild caught males from Coffs Harbour. 
+ = Wild third chromosome from Coffs Harbour.
Ser/TM3,Sb = Balanced third chromosome stock carrying serate and 
stubble markers (Lindsley and Grell, 1972).
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7TM3 and a Df(3)vin chromosome which carried a small deficiency for 
the Est6 region (Figure 3). (Cytological locations of the Df(3)vin7 
deficiency breakpoints are 68C8-11 to 69B4-5, while Est6 is at 69A1;
7Akam et al., 1978). Progeny heterozygous for the wild and Df(3)vin 
third chromosomes were then crossed inter se to produce pure-breeding 
lines hemizygous for the wild type Est6 alleles. This rescue of the 
lethal and deleterious wild chromosomes meant that the population was 
sampled randomly for Est6 alleles rather than biased in favour of 
homozygous viable third chromosomes. The flies were collected and 
crossed by Dr. John Oakeshott, then of the Australian National 
University.
2.2.2 Electrophoresis
The resolving power of cellulose acetate plate electrophoresis 
was calibrated against that of the sequential polyacrylamide gel 
electrophoresis (4 pH's and 2 gel concentrations) which Keith (1983) 
used to distinguish mobility variants at the Est5 locus of D. 
pseudoobscura. Lines representing 25 randomly chosen Est5 variants 
were tested on cellulose acetate plates in a blind trial using four pH 
buffers (pH's 6.2, 7.0, 8.5 and 10.4) by Mr. David Willcox and Dr.
John Oakeshott of the Australian National University. A combination 
of any two of these buffer systems could detect all 25 electrophoretic 
classes, while 23 could be resolved using the pH8.5 buffer alone.
Only the pH8.5 buffer was used in the analysis of the Est6 system of 
D. melanogaster below, as other buffers did not provide such sensitive 
resolution.
Cellulose acetate plate electrophoresis was carried out on adult 
male flies using weight-standardised mass homogenates to minimise 
variation in staining intensity. Approximately 70mg of males were 
weighed out from each line followed by the addition of 6(ll of running
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Step 1. +/TM3,Sb,e heterozygous males were mated to females 
heterozygous for vin7, e/TM3, Sb, e. The progeny of each genotype in the 
offspring were counted for each cross for later analysis of hemizygous 
viabilities .
MALE
+
TM3, Sb, e
X
>1
FEMALE 
vin 7, e 
TM3, Sb, e
+
vin 1, e
SELECT
+ TM3, Sb, e
TM3, Sb, e vin 7, e
DISCARD
TM3, Sb, e 
TM3, Sb, e
DIE
Step 2. +/vin7,e heterozygotes were mated inter se.
+
==== X
Vin 7
+
SX CSSS SB
Vin 7
i
+ + 
--  . o ---------
vin 7
+ vin 71 1 vin 7
SELECT DIE
Step 3. Establish hemizygous breeding stocks from wild type progeny.
Figure 3. Crosses to rescue Est6 alleles from deleterious third 
chromosomes. The male parent in Step 1 is from the last cross in 
Figure 2.
+ = Wild third chromosome from Coffs Harbour.
TM3, Sb,e = Balanced third chromosome stock carrying stubble and ebony 
markers (Lindsley„and Grell, 1972).
vin7,e = Df(3)vin ) third chromosome stock carrying a deficiency for the 
Est6 region and the ebony marker (Akam et al., 1978).
buffer (80mM TRIS-boric acid, 1.3mM EDTA, pH8.5) per mg fly. The 
flies were then thoroughly homogenised and centrifuged at 15,000g for 
5 minutes. The supernatant was then stored at -20°C (the samples 
could be thawed and refrozen several times with no apparent effect on 
electrophoretic mobility). Single fly extracts for the genetic 
analyses were prepared in a similar way using 10|ll of running buffer
per fly.
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Electrophoresis was carried out on Titan III cellulose acetate 
plates (#3024, Helena Laboratories; and for a review of cellulose 
acetate electrophoresis using these plates see Easteal and Boussey, 
1987) . Sample homogenates were centrifuged a second time and the 
supernatants loaded onto the plates, which had been previously 
immersed in running buffer for 20 minutes. The samples were 
electrophoresed for 110 minutes at 250 V (6mA/plate) at 4°C and 
stained with an agar overlay consisting of 5ml 0.1M phosphate buffer 
pH6.0, 300|ll 1% ß-naphthylacetate (Sigma) in acetone, 7mg fast garnet 
GBC salt (Sigma) and 5ml 3% agar. Plates were destained for a few 
minutes in 15% ethanol and 5% glacial acetic acid.
An initial unreplicated screen of all lines was used to construct 
a tentative order of electrophoretic mobility classes among lines.
Each line was then tested repeatedly in pair-wise comparisons against 
all lines of the same or adjacent putative mobility classes until a 
consistent classification was obtained. The pair-wise comparison of 
lines was carried out by running only two lines on each plate, 
alternating the two lines several times across the plate (Figure 4a). 
Three generations of flies were analysed to ensure consistency of 
classification between homogenates and generations.
2.3 RESULTS
2.3.1 Electrophoretic Variation
Ten electrophoretic classes of EST6 were found among the 159 
isoallelic lines. The classes were labelled 1 to 10 in order of 
decreasing anodal relative mobility. This variation could be divided 
into five major mobility groups between which there were relatively 
large mobility differences. Three of the major groups are likely to 
correspond to the EST6-VF, EST6-F, and EST6-S, variants of Rodinb and 
Danieli (1972), Costa et al. (1982) and Lindsley and Zimm (1985),
Figure 4. Photograph of two cellulose acetate plates (actual size) 
stained for EST6 activity.
a) . An example of a pairwise comparison of lines from two EST6-S 
group electrophoretic classes. Classes 6 and 7 were loaded on 
alternate lanes as indicated.
b) . A consensus plate showing all EST6 electrophoretic classes found 
in the Coffs Harbour sample. Lane numbers are synonymous to 
electrophoretic classes and their correspondence to the five classes 
detected under standard electrophoretic conditions are also shown.
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a)
Origin --------—
* * ■  •  • *  - *
m 6 7 6 7 6 7 6 7 6
+
b)
Origin -------—
I 2 3 4 5  6 7 8 9  10 
I_______ II__________ I
VF F‘ F S U
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while the fourth major group, EST6-F' lay between EST6-VF and EST6-F 
(Figure 4b; the ten representative lines shown in Figure 4b are 
indicated in Appendix A, Table A). The EST6-VF and EST6-F' groups 
contained only one class each (classes 1 and 2), the anodal mobilities 
of which were measured as 1.18 and 1.12 respectively, relative to the 
most common class (8) within the EST6-S group, the mobility of which 
was defined as 1.00 (Table 2). Classes 3, 4 and 5, within the EST6-F 
group, showed relative mobilities of 1.08, 1.07 and 1.06 respectively. 
Classes 6, 7, 8 and 9, within the EST6-S group, showed relative 
mobilities of 1.02, 1.01, 1.00 and 0.99 respectively. The fifth 
group, EST6-U (U = unstable; class 10) consistently failed to show a 
clear band and had reduced staining intensity (Figure 4b), possibly 
due to loss of protein stability during electrophoresis.
Electrophoretic
Class
Relative
Mobility Frequency
VF 1 1.18 0.04
F' 2 1.12 0.01
3 1.08 0.01
F 4 1.07 0.22
5 1.06 0.03
6 1.02 0.01
7 1.01 0.06
S 8 1.00 0.56
9 0.99 0.06
U 10 smear 0.01
Table 2. Relative mobilities and frequencies of ten EST6
electrophoretic classes from the Coffs Harbour population (n = 159).
Classes are numbered in decreasing order of anodal relative mobility
and their correspondence with the five classes detected by standard 
procedures are also indicated.
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Two classes were most frequent in the population, class 8, an 
EST6-S class, with a frequency of 56%, and class 4, an EST6-F class, 
with 22% (Table 2). Four classes (1, 5, 7 and 9) had frequencies of 
3% to 6%, while the remaining four classes (2, 3, 6 and 10) had 
frequencies of 1%. The combined frequencies of all the classes in the 
EST6-F and EST6-S groups were 26% and 69% respectively, which agrees 
with previous frequency data (±3%) from six nearby populations 
(Oakeshott et al., 1981).
2.3.2 Genetic analysis
Five crosses were set up using different combinations of the EST6 
electrophoretic classes in order to check that the additional 
variation mapped to the same locus as the Est6-F/Est6-S difference 
(3-36.8; Wright, 1963). The five crosses, using a total of eight 
homozygous lines, were; classes 1 X 2 ,  1 X 8 ,  1 X 9 ,  4 X 9 ,  and 5 X 8  
(lines involved are identified in Table A of Appendix A). The 
phenotype of the F^ progeny from these crosses comprised the parental 
bands only, showing that the variation was inherited codominantly and 
acted in cis. The F^ progeny of each cross were then backcrossed to 
one of the parental stocks and 200 backcross progeny electrophoresed 
for each original cross. Only parental bands were seen among a total 
of 1000 backcross progeny analysed. The absence of recombination 
products among these progeny precludes the existence of effects due to 
modifier loci further than 0.30 to 0.46 centimorgans from the Est6 
locus (P < 0.05 and P < 0.01, respectively, by the test of Mather, 
1963). This suggests that at least four of the
additional variants map to the Est6 locus, although classes 3, 6, 7 
and 10 were not tested as they were available as hemizygous lines
only.
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2.3.3 Viability
2.3.3.1 Third chromosome homozygous viability
Third chromosome homozygous and hemizygous viable lines both 
contributed to five EST6 electrophoretic classes; 1, 2, 4, 8 and 9.
All four chromosomes containing class 5 were homozygous viable. On 
the other hand, four classes; 3, 6, 7 and 10, were only found in flies
7cultured as hemizygotes (+/Df(3)vin ) because of their poor homozygous 
viability. These associations suggest the existence of gametic 
disequilibrium between particular EST6 electrophoretic classes and 
detrimental genes on the third chromosome.
Accordingly, the homozygous viability (+/+) was compared with the 
heterozygous viability (+/TM3,Sb) for the progeny indicated in Step 3 
of Figure 2. As the expected ratio of homozygous to heterozygous 
progeny was 1:2, the viability of the wild third chromosome in each 
line was calculated by dividing twice the number of homozygous progeny 
by the number of heterozygous progeny. Two low frequency 
electrophoretic classes, 5 and 9, each showed a trend for higher mean 
homozygous third chromosome viabilities (relative to their viabilities 
as heterozygotes with TM3) than the other eight classes (Figure 5).
To statistically test for this trend the lines were also classified 
into four discrete categories according to their viability scores.
The four categories were; lethal (viability = 0); semi-lethal (ratio 
of +/+ to +/TM3,Sb progeny significantly less than 1:2); viable (ratio 
of progeny not significantly different); and super-viable (ratio of 
+/+ to +/TM3fSb progeny significantly greater than 1:2). The details 
of viabilities among the lines are given in Appendix A, Table A. The 
breakdown of viability categories among electrophoretic classes is
shown in Table 3.
Figure 5. Mean third chromosome viabilities ( + s.e.) from segregation 
ratios in the progeny from Step 3 of Figure 2 for the 10 EST6 
electrophoretic classes. n = the number of lines in any given 
electrophoretic class.
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ELECTROPHORETIC VIABILITY CATEGORY
CLASS Lethal Semi-lethal Viable Super-viable TOTAL
1 3 1 2 0 6
2 1 0 1 0 2
3 1 0 0 0 1
4 14 11 10 0 35
5 0 2 2 0 4
6 1 0 0 0 1
7 3 5 2 0 10
8 38 21 29 1 89
9 2 1 7 0 10
10 1 0 0 0 1
TOTAL 64 41 53 1 159
Table 3. Classification of lines into third chromosome homozygous 
viability categories and electrophoretic classes (Appendix A,
Table A).
The numbers of lines in each viability category and
2electrophoretic class (Table 3) were then analysed by contingency % .
For this test the low frequency electrophoretic classes 1, 2, 3, 5, 6
and 10 were pooled and the single super-viable line in class 8 was
pooled into the viable class, so that reasonable expected values could
be calculated (expected values were >2.6 after pooling). No
significant difference was found for third chromosome homozygous
2viability among electrophoretic classes (%g = 10.3; P > 0.05) .
2.3.3.2 Third chromosome hemizygous viability
The crossing program to make the less viable lines hemizygous
7against the Df (3)vin deficiency provided a further viability test
7(Step 1, Figure 3) . The ratio of +/D£(3) vin hemizygotes to
7
TM3/Df(3)vin hemizygotes in the progeny of each cross could only be 
disturbed from 1:1 by the action of lethal or deleterious genes in the
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region around Est6 uncovered by the deficiency (deficiency breakpoints 
are 68C8-11 to 69B4-5; Akam et al., 1978). This is because the two 
genotypes have the Df(3)vin7 deficiency chromosome in common, allowing 
the viability of the region delineated by the deficiency in wild 
chromosomes to be compared with the viability of the same region in 
the balancer (TM3). Lines were classified into four categories for 
their hemizygous viabilities in a similar fashion as for the 
homozygous viabilities (Appendix A, Table B). On this basis one line 
from class 8 carried a lethal gene in the Est6 region while semi- 
lethal genes in the region were identified in twelve lines, seven in 
class 8 and one each in classes 4, 6, 7, 9 and 10. Super-viable genes 
in the region were identified in three lines, one each for classes 1,
4 and 8 (Table 4).
Once again electrophoretic classes had to be pooled. For the 
2contingency % excluding homozygous viable lines, classes 1, 2, 3, 6,
9 and 10 were pooled and lethal and semi-lethal categories were
pooled, as were viable and super-viable categories (expected values
2were > 1.1). The contingency X value for the collapsed table showed
no significant differences among electrophoretic classes for
2 . 2 hemizygous viability (%^  = 5.53; P > 0.05). For the contingency %
including homozygous viable lines, classes 1, 2, 3, 5, 6, 7, 9 and 10
were pooled. The viability categories were pooled as described in the
first test (expected values were > 2.9). Once again, there was no
significant difference among electrophoretic classes for hemizygous
viability (X^  ~ 1-89; P > 0.05).
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ELECTROPHORETIC VIABILITY CATEGORY
CLASS Lethal Semi-lethal Viable Super-viable TOTAL
1 0 0 3(2) 1 4(6)
2 0 0 1(1) 0 1 (2)
3 0 0 1 0 1
4 0 1 27 (6) 1 29 (35)
5 0 0 0 (4) 0 0 (4)
6 0 1 0 0 1
7 0 1 9 0 10
8 1 7 58 (22) 1 67 (89)
9 0 1 1(8) 0 2 (10)
10 0 1 0 0 1
TOTAL 1 12 100(143) 3 116(159)
Table 4. Classification of lines into hemizygous viability categories 
and electrophoretic classes (Appendix A, Table B). Note: the 43 
homozygous viable lines are shown in brackets in the Viable column of 
this table. The adjusted totals when the homozygous viable lines are 
included are also shown in brackets. Two contingency X values, one 
excluding the homozygous lines and one including them, were calculated 
as discussed in the text above.
2.3.4 Inversions
The Coffs Harbour lines were also screened for chromosome 
rearrangements involving the 3L arm by Dr. Wayne Knibb from the 
University of New England. The 159 lines were mated to a stock with 
the standard third chromosome arrangement. Third instar salivary 
glands from their progeny were squashed onto glass slides and the 
cytology of the polytene 3L chromosome region examined. In(3L)P was 
found seven times among the 159 lines and all seven occurrences were 
in lines from class 4. Est6 (69A1; Oakeshott et al., 1987) is within 
the breakpoints of In(3L)P which are 63C-72E (Lindsley and Grell,
1972) . This association between EST6 class 4 and In(3L)P was highly
2significant = 26.8, P < 0.0005). There were no significant
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differences in fitness between lines carrying this inversion and the 
remaining lines in class 4. Four other lines had different 3L 
rearrangements, three from class 8, and one from class 7. Two lines 
from class 8 carried 3L3R transpositions; both were homozygous lethal 
and one was hemizygous lethal while the other was hemizygous semi- 
lethal. The remaining class 8 line and the class 7 line carried 
different unique paracentric inversions. This class 8 line was 
homozygous viable. The class 7 line was homozygous semi-lethal but 
was viable as a hemizygote. The lines carrying 3L rearrangements are 
indicated in Appendix A, Table A.
2.3.5 Thermostability
Thirteen lines representing six of the seven EST6 variants which 
Cochrane (1976) and Cochrane and Richmond (1979a) isolated by 
thermostability criteria were also electrophoresed. Two of these 
classes were slow variants designated SI and S2 by the authors above, 
while four were fast variants designated FI, F2, F3 and F4. The 
single SI line typed to electrophoretic class 9, while the two S2 
lines typed to class 8 (Table 5).
Electrophoretic Thermostability Class
class FI F2 F3 F4 SI S2
4 1 2  1
5 2 1 3
8 2 
9 1
Table 5. A comparison of electrophoretic and thermostability criteria 
for detecting variation at the Est-6 locus. Thirteen lines from six 
thermostability classes were electrophoresed (lines and 
thermostability data from Cochrane and Richmond, 1979a). The numbers 
in the body of the table represent the number of lines scored for any 
given category.
* Lines representing the seventh thermostability class (S3) were not 
available.
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However, the other ten lines representing the four EST6-F 
thermostability classes clustered within two electrophoretic classes 
(4 and 5). Thus, in two out of six cases lines with the same 
thermostability phenotype had different electrophoretic phenotypes, 
while in four out of six cases lines with different thermostability 
phenotypes had the same electrophoretic phenotype.
2.4 DISCUSSION
The application of high resolution cellulose acetate 
electrophoresis has resolved ten EST6 electrophoretic classes among 
159 isoallelic lines from a single population of D. melanogaster 
(Table 2, Figure 4b). Standard electrophoretic techniques (Oakeshott 
et al., 1981; Cabrera et al., 1982; Anderson and Oakeshott, 1984) 
would have detected only five electrophoretic classes. Genetic test 
crosses were carried out among six of the ten classes and the results 
were consonant with the hypothesis that the additional variation 
mapped to the Est6 structural locus.
None of the EST6 electrophoretic classes were significantly 
associated with either homozygous or hemizygous viability differences. 
However, the existence of deleterious loci within the region defined
7by the Df(3)vin deficiency, and thus near to the Est6 locus, suggests 
that fitness studies using inbred laboratory lines could be measuring 
fitness differences at these loci rather than Est6. This is because 
gametic disequilibrium in the inbred stocks is not likely to be 
representative of gametic disequilibrium in populations. Thus, the 
fitness differences found in some studies may well be due to the 
deleterious gene(s) at a locus (or loci) now shown to be located near 
to the Est6 locus. Laboratory fitness experiments cited in Chapter 1 
(Section 1.4.4.3) that used inbred stocks were; Kojima and Yarbrough 
(1967) and Yarbrough and Kojima (1967) on frequency dependent
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selection; Danford and Beardmore (1580), Costa et al. (1985) and Costa
et al. (1986) on addition of substrates and inhibitors to the food.
While the results of these studies should now be interpreted with 
caution, the frequency dependent selection effects are suported by a 
separate study using outbred stocks (Morgan, 197 6) .
The crossing programme for the 159 lines was such that the 
presence of EST6 null variants would be detectable. No null activity 
variants were found in the population, in agreement with the results 
of Voelker et al. (1980a), (Section 1.4.4.1). The absence of EST6 
null mutants in natural populations of D. melanogaster indicates that 
activity at this locus is of adaptive significance to flies in the 
wild.
Viability effects are known to be associated with inversions 
(Nassar 1968; Watanabe and Yamazaki 1976). In this study lines 
carrying the In(3L)P inversion, which was in gametic disequilibrium 
with class 4, did not differ significantly in viability from other 
lines. However, three of the four lines carrying rare inversions had 
poor viability.
Voelker et al. (1978) reported a significant positive association 
between the Est6-F allele and the common cosmopolitan In(3L)P 
inversion in North American populations of D. melanogaster. In this 
study, In(3L)P was only found in lines bearing EST6 class 4 (the most 
frequent EST6-F class) , in which it occurred in seven out of 34 
chromosomes. The Est6 locus (position 69A1) lies within the 
breakpoints of In(3L)P (63C-72E). Thus, an association of EstS-F with 
In(3L)P has now been documented for two continents in different 
hemispheres and it would seem that the gametic disequilibrium between 
this inversion and Est6-F is widespread and relatively old. The 
possibility that the population dynamics of EST6 variation may be at 
least in part determined by those of the larger chromosomal
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polymorphism has been dismissed in Section 1.4.4.2 (due to a similar 
pattern of clinal variation for the Est6 locus in D. simulans, a 
species without known inversions that could affect this locus;
Anderson and Oakeshott, 1984).
The finding of ten electrophoretic classes in this study compares 
with the 27 EST6 electrophoretic classes reported for D . simulans by 
De Albuquerque and Napp (1981) in their SAGE analysis of over 2,000 
third chromosomes from two South American populations. However, in 
their study, EST6 electromcrphs were simply scored in wild/caught 
males, whereas in this study classification was based on repeated 
pair-wise comparisons among extracted isoallelic lines. It is my 
experience, consonant with that of Keith (1983) and Keith et al.
(1985), that the use of isoallelic lines and repeated pairwise testing 
is essential to confirm the classification of variants with small 
relative mobility differences.
It is possible that a small number of electrophoretic variants 
still remain undetected in the present sample, since the cellulose 
acetate system detected only 23 of the 25 Est5 variants in the D. 
pseudoobscura lines tested (Section 2.2.2). Moreover, application of 
this system to 13 other lines of D. melanogaster representing six 
different EST6 thermostability variants indicates that variation 
detected by the two criteria is essentially uncorrelated (Table 5). 
Electrophoresis may more readily detect substitutions on the outside 
of the EST6 molecule affecting its surface charge. On the other hand, 
thermostability criteria may be more likely to detect internal 
substitutions affecting the stability of the tertiary protein 
structure. If it were presumed that the differences detected by the 
two tests are completely independent, then one might predict that a 
larger sample would reveal three or four thermostability variants 
within each of the ten electrophoretic classes at the Est6 locus.
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It is therefore clear that Est6 is a highly variable locus and 
now joins two other loci showing similar degrees of polymorphism (Est5 
and Xdh of D. pseudoobscura; Coyne, 1982; Keith, 1983; Keith et al., 
1985). The results of many previous genetic analyses of Est6 now 
require re-appraisal. With respect to its population genetics it is 
important to determine which of the ten electrophoretic variants, (or 
seven thermostability variants) underlie the Est6-E/Est6-S dines in 
D. melanogaster and D. simulans (Anderson and Oakeshott, 1984) . Given 
the highly variable nature of the Est6 locus, it may well be that the 
major electrophoretic phenotypes showing the clinal variation are 
acting as markers for some other more physiologically relevant 
polymorphism in the gene. The next Chapter presents an analysis of 
comparative nucleotide sequence data at the Est6 locus in order to 
investigate these questions, and to identify the amino acid 
substitutions distinguishing the large and small electrophoretic
differences.
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CHAPTER 3 NUCLEOTIDE AND AMINO ACID POLYMORPHISMS 
AMONG THE ESTERASE-6 ELECTROMORPHS
3.1 INTRODUCTION
This chapter describes nucleotide sequence polymorphisms that 
occur within and around the Est6 gene in representative lines from the 
ten electrophoretic classes described in Chapter 2. Nucleotide 
polymorphisms are analysed for regional differences (two exons, an 
untranslated 5' region, an untranslated 3' region and an intron) , with 
special consideration to coding versus non-coding differences.
From an evolutionary point of view variation that is neither 
coding nor regulatory may be regarded as the background rate of 
polymorphism occurring essentially in the absence of natural selection 
(Lewontin, 1985). However, there is some evidence from Adh that 
introns and, in particular, 5' flanking sequences may be subject to 
varying levels of evolutionary constraint due to their roles in 
regulating gene expression (Kreitman, 1983; Easteal and Oakeshott, 
1985). Conversely, variation in exon silent sites is probably a 
reliable estimate of the background rate of polymorphism (Hayashida 
and Miyata, 1983) and may provide a valuable yardstick against which 
to assess the level of constraint on changes to the amino acid 
sequence. Levels of non-coding variation have also been compared 
among alleles for the two electromorphs of Adh in D. melanogaster to 
indicate their relative ages (Kreitman, 1983).
In this chapter amino acid polymorphisms, inferred from 
nucleotide substitutions in Est6, are analysed with respect to regions 
of putative function within the amino acid sequence, their probable 
effects on the primary, secondary and tertiary structure of the EST6 
protein, and their relationship to electrophoretic mobility.
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The odds matrix of Dayhoff et ai. (1972), which estimates the
likelihood that a given amino acid replacement will be found, and 
comparisons of specific physicochemical properties (size, polarity and 
hydrophobicity; Taylor, 1966) are used to evaluate the degree of 
conservation of each amino acid polymorphism at the level of the 
primary structure in EST6.
The algorithm of Gamier et al. (1978) for the prediction of
secondary structure from primary sequence data is used to assess how 
each amino acid polymorphism might affect the secondary structure of 
EST6. In this context the predictions are an additional measure of 
conservation among the amino acid polymorphisms found, rather than a 
definition of EST6 secondary structure. This is because the level of 
accuracy of predictions using the algorithm has been too low to be 
definitive (about 60% accuracy; Nishikawa, 1983; Kelly and Holladay, 
1987) .
The algorithm of Kyte and Doolittle (1982) for the prediction of 
hydropathy from primary sequence data was applied to the EST6 
sequences to provide some information on tertiary structure. The 
application of this algorithm to the amino acid sequences of soluble 
globular proteins of known crystal structure has shown it to be 
remarkably accurate for the prediction of surface versus interior 
regions of folded proteins (Kyte and Doolittle, 1982) .
Finally, relationships among the electrophoretic variants of EST6 
are investigated in terms of specific amino acid replacements and 
their physicochemical properties. Inferences are then drawn about the 
molecular basis of the electrophoretic mobilities of the various 
classes and the most likely targets for selection among them.
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3.2 MATERIALS AND METHODS 
3.2.1 Strains of D. melanogaster
The Est6 gene was cloned and sequenced from eleven isoallelic 
lines derived from the Coffs Harbour population. Each of the ten 
classes of electrophoretic variants described in Chapter 2 was 
represented by a single isoallelic line, except class 4. In the 
latter case the Est6 gene was cloned and sequenced from two isoallelic 
lines, so that the amount of variation could be evaluated between 
lines that were inseparable by the electrophoretic criteria employed 
in Chapter 2. These lines are labelled 4a and 4b in the remainder of 
this thesis. The identities of the Coffs Harbour lines from which the 
Est6 genes were isolated and sequenced are shown in Appendix 1,
Table A.
Nucleotide sequences for the Est6 gene have previously been 
determined from two other lines of D. melanogaster. The first of 
these, an Oregon R strain, was the source of an Est6 cDNA clone 
sequenced by Oakeshott et al. (1987) . The second line, Dml45,
obtained from a population near Bloomington, Indiana, was the source 
of a genomic clone sequenced by Collet et al. (in prep.). The 
electrophoretic mobility of EST6 in these two lines was compared to 
those of the Coffs Harbour lines; Oregon R was found to be homozygous 
for class 9, and Dml45 to be homozygous for class 8. These lines are 
labelled 9-US and 8-US in the remainder of the thesis to distinguish 
them from the Coffs Harbour class 9 and class 8 lines sequenced.
The total sequence information for the Est6 locus therefore 
derives from two lines each for electrophoretic classes 4, 8 and 9 and 
one line each from the remaining seven classes, giving 13 isolates in
all.
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3.2.2 Preparation of genomic DNA libraries
3.2.2.1 Isolation of genomic DNA
Genomic DNA was prepared using a modification of the procedure of 
Coen et al. (1982) . About twenty adult D. melanogaster from a given 
isoalleiic line were homogenised in 200|ll of 0.1M
tris(hydroxymethyl)aminoethane (TRIS), 0.1M ethylenediaminetetra- 
acetic acid (EDTA), pH9.0. Sodium dodecyl sulphate (SDS) was added to 
a final concentration of 1% and the sample incubated for one hour at 
65°C. Potassium acetate was added to a final concentration of 1.6M, 
and the sample placed on ice for 30 minutes. It was then centrifuged 
for 10 minutes at 15,000g. The supernatant (about 400|ll) was added to 
200|ll of isopropanol, allowed to stand at room temperature for 10 
minutes and the DNA recovered by centrifugation for 10 minutes at 
15,000g. The DNA was washed twice with 70% ethanol, dried in vaccuo 
and then resuspended in 20JJ.1 of TE buffer (lOmM TRIS, ImM EDTA, pH8.0) 
containing 20flg/ml of DNase free RNase A (Sigma). This procedure 
yielded between l|lg and 2|lg of genomic DNA, which was then stored at 
-20cC .
3.2.2.2 Preparation of vector DNA
The XgtlO immunity insertion bacteriophage (Murray et al., 1977) 
was used as the cloning vector. This was because the entire Est6 
gene is contained in a single EcoRI restriction fragment, which could 
be inserted into the EcoRI cloning site of this vector. Methods for 
the preparation of the XgtlO DNA and use of the vector are modified 
from those of Huynh et ai. (1984).
XgtlO DNA was prepared from infected cultures of Escherichia coli 
C600 ce-*-^s t hsdM+; Young and Davis, 1983) . The bacterial cells
were grown overnight with shaking at 37°C in 30ml of NZCY broth (1% 
casein enzymatic hydrolysate, 0.5% NaCl, 0.5% yeast extract, 0.2%
MgC^ • 6Ho0 and 0.1% casamino acids) . The next day 200^ .1 of this
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culture were combined with 200|ll SM (0.1M NaCI, 50mM TRIS, lOmM MgS04, 
0.01% gelatin), 200^1 Mg-Ca salts (lOmM MgCl2, lOmM CaCl2) and lOjll of 
a parental XgtlO bacteriophage stock whose titre was 105 plaque 
forming units (p.f.u.) per ml. This mixture was incubated for 10 
minutes at 37°C, added to 100ml of NZCY broth and incubated at 37°C 
overnight with shaking. Cell debris was removed by centrifugation for 
15 minutes at 16,000g and the virus particles were sedimented from the 
supernatant by centrifugation for three hours at 20,000g. The pellet 
was resuspended in 2ml of TE buffer, extracted with 2ml of phenol 
(saturated in 0.1M TRIS and containing 0.1% 8-hydroxyquinoline), kept 
at room temperature for 5 minutes, and 2ml of chloroform (24:1 of 
chloroform:isoamyl alcohol) added. This mixture was centrifuged for 3 
minutes at 15,000g and the aqueous phase removed. RNase A (DNase 
free) was added to the aqueous phase to a final concentration of 
0.01%. The mixture was then incubated for 15 minutes at 37°C, and 
extracted a second time with phenol and chloroform. The DNA was 
dialysed overnight against 2 litres of TE buffer at 4°C and 
precipitated by the addition of l/10th volume of 3M sodium acetate and 
two volumes of 100% ethanol, followed by immersion in liquid nitrogen 
for five minutes. When thawed, the samples were centrifuged for 10 
minutes at 15,000g and the DNA pellet washed in 70% ethanol and dried 
in vaccuo for 30 minutes. The DNA was resuspended in 400|il of TE 
buffer. Approximately 160}ig of XgtlO DNA was obtained from the 100ml 
culture.
Note that all extractions with phenol and chloroform and 
precipitations with ethanol and sodium acetate described below follow 
the same procedures as above.
3.2.2.3 Ligation and in vitro packaging of genomic and vector DNA
Each library was prepared from lOOng of genomic DNA and 2.4(ig of 
XgtlO DNA that were digested to completion in separate reactions with
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ScoRI. Each digestion was carried out in a total volume of 20fll under 
the conditions specified by the enzyme manufacturer using 5 units of 
EcoRI (Boehringer Mannheim). After digestion for two hours at 37°C, 
the volume of each sample was adjusted to 100)11 with TE buffer. Each 
sample was extracted with phenol and chloroform, precipitated with 
ethanol and sodium acetate and the DNA resuspended in 10)ll of TE 
buffer.
Ligation of the genomic and vector DNA was achieved in a final 
volume of 27|il, containing lQmM TRIS, lOmM MgC^r pH7.5, lOmM 
dithiothreitol (DTT), ImM adenosine-5'-triphosphate (ATP, Boehringer 
Mannheim) and 1 unit of T4 DNA ligase (Boehringer Mannheim). The 
ligation reaction was allowed to proceed for 4 hours at 15°C. In 
vitro packaging of the ligated DNA was achieved by combining 4jil of 
the ligation reaction with 10|ll of freeze-thaw extract and 15|ll of 
sonicated extract and incubating for 1 hour at room temperature. The 
in vitro packaging extracts were donated by Mr. John Davidson, CSIRO, 
Division of Entomology, and prepared after protocol II in Maniatis et 
al., 1982, pp264-267) . The volume of each genomic library was 
adjusted to 100)11 with SM and the library stored at 4°C.
3.2.3 Isolation of esterase-6 genes from genomic libraries
The titre of each genomic library was determined by infecting the
E. coii strain Y1073 (hsdR , hsdM+, hf1A150; Young and Davis, 1983)
_ owith l(il of a 10 dilution of the library as described in Section 
3.2.2.2. About 4ml of molten NZCY (45°C) containing 0.6% agarose was 
added to the infected bacterial mixture, poured onto a 9cm diameter 
petrie plate containing NZCY agar (1.5% agar) and incubated overnight 
at 37°C.
The total number of recombinant p.f.u. in each library was 
estimated from the numbers of plaques on these plates. Ten further
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plates were then prepared for each library, each plate containing 
about 1,500 recombinant p.f.u. After overnight incubation DNA from 
the plaques was transferred to nitrocellulose filters (Schleicher and 
Schuell) following the procedure of Benton and Davis (1977). DNA on 
the filters was denatured by washing for 5 minutes in 0.4M NaOH, 0.8M 
NaCl. The filters were then neutralised by washing for 5 minutes in 
0.5M TRIS, 1.5M NaCl, rinsed for 10 minutes in 2X SSC (20X SSC = 3M 
NaCl, 0.3M sodium citrate, pH7.0), and baked in vaccuo for 2 hours at 
80°C. The DNA on the filters was then hybridised to a ^P-labelled 
probe.
The Est6 hybridisation probe was prepared following the nick 
translation method of Maniatis et al. (1982, pl09) . Est6 DNA (0.5}ig 
of the 1.85kb Est6 cDNA clone of Oakeshott et al. (1987) in pGEM-2 
(Promega, Melton et ai., 1984)) was added to 50mM TRIS, 7.5mM 
magnesium acetate, pH7.5, 5mM DTT, 0.1% nuclease free BSA (Promega),
25|iM 2' -deoxynucleotide-5' -triphoshates (dATP, dGTP and dTTP) , 2C|lCi
32a P-dCTP (3, 000Ci/mM; Bresatec) , and l.Ong DNase I (Boehringer 
Mannheim) in a final volume of 35|ll. The reaction was incubated at 
14°C for 15 minutes followed by the addition of 3.5 units of DNA 
polymerase I (Boehringer Mannheim) and a further incubation for 15 
minutes at 14°C. The reaction was stopped by adjusting to a final 
concentration of 25mM EDTA, 0.4% SDS, and 0.3M HC1 in a final volume 
of 40|ll. After 10 minutes at room temperature the reaction was 
adjusted to 0.7M NaOH in a final volume of 50fll. This amount of 
radiolabelled Est6 DNA was sufficient for hybridisation to twenty 
filters.
The filters were pre-hybridised for 4 hours at 65°C in plastic 
bags. Each bag contained 10 filters and 15ml of pre-hybridisation 
solution (0.9M NaCl, 50mM NaH2?0^, 5mM EDTA, 0.5%
polyvinylpyrrolidone, 0.5% Ficoll (Pharmacia), C.1% SDS and 800|lg heat
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denatured herring sperm DNA). Hybridisation was achieved in a fresh 
aliquot of the same solution except that 25|ll of radiolabelled Estb 
DNA was also added.
The filters were incubated with the radiolabelled Est6 DNA for 
about 16 hours. Non-specific hybridisation was removed by three 
successive 5 minute washes in 670ml of 0.IX SSC, 0.1% SDS at room 
temperature, followed by two 30 minute washes in 2 litres of 0.5X SSC, 
0.1% SDS at 65°C. The filters were then air-dried and exposed to X- 
ray film for two days at -80°C.
The developed X-ray film and the plates carrying the recombinant 
plaques were aligned to identify those plaques whose DNA contained 
sequences that hybridised to the radiolabelled Est6 DNA. These 
plaques (positives) were then transferred individually from the plates 
into 800|ll of SM. The putative positive bacteriophage were then 
plated at a density of about 100p.f.u ./plate, and rescreened with the 
Est6 radiolabelled DNA as above. Individual positive plaques were 
then picked into 800|ll of SM.
The plaque-purified clones were cultured using the E. coli strain 
Y1073 as the host cell and their DNA extracted as described in Section 
3.2.2.2. Their identities as Est6 clones were then confirmed in two 
ways.
Firstly, the DNA from the putative Est6 clones was digested with 
EcoRI and subjected to electrophoresis in a 1% horizontal agarose gel, 
using TAE electrophoresis buffer (40mM TRIS, 5mM Na-acetate, ImM EDTA, 
pH7.8) at 2V/cm. The gel was stained with ethidium bromide (0.5|ig/ml) 
and the DNA visualised under ultra-violet light. The Est6 fragment 
was 4kb or 6kb long, depending on the presence or absence of a 
polymorphic EcoRI site 3' to the Est6 gene (Figure la).
Secondly, DNA from the gel was transferred to a nitrocellulose 
filter according to the procedure of Southern (1975) . The transfer
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was achieved by first denaturing the DNA fragments in the gel for 1 
hour in 0.4M NaOH, 0.8M NaCl, followed by 1 hour in 0.5M TRIS, 1.5M 
NaCl (pH7.4) to neutralise the gel. The transfer buffer was 20X SSC 
and the DNA was allowed to transfer overnight. The filter was rinsed 
in 5X SSC for 5 minutes, baked in vaccuo for 2 hours at 80°C and 
hybridised to radiolabeiled Est6 DNA as previously described in this 
section. Genuine Est6 clones showed strong hybridisation of the 4kb 
or 6kb EcoRI fragment to the Est6 hybridisation probe.
3.2.4 Sub-cloning esterase-6 into M13mpl9 
3.2.4.1 Isolation of esterase-6 from XgtlO
The EcoRI fragment containing the Est6 gene was isolated from 
A.gtlO using an electroelution procedure modified from that of Maniatis 
et al. (1982, pl70) . Approximately 2Q\lq of recombinant XgtlO DNA were 
digested with 5 units of EcoRI (Boehringer Mannheim), under conditions 
specified by the enzyme manufacturer, in a 50|ll volume for 2 hours at 
37°C. The digested DNA was subject to electrophoresis for about 16 
hours at 2V/cm in a 1% low melting point agarose gel (SeaPlaque) in 
TAE buffer. The gel slice containing Est6 was excised and transferred 
with 300[ll of 0.25X TBE buffer (10X TBE = 0.5M TRIS, 420mM Boric acid, 
lOmM EDTA, pH8.3) into dialysis tubing. The tubing was immersed in 
0.25X TBE and the DNA electroeluted by applying 200V for 2 hours. The 
buffer containing the DNA was then centrifuged for 5 minutes at 
15,000g. The supernatant was incubated for 15 minutes at 65°C, 
extracted twice with phenol and chloroform and precipitated with 
ethanol and sodium acetate. The DNA was resuspended in 2Q[ll of TE
buffer, for a yield of about 250ng per fil.
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3.2.4.2 Preparation of M13mpl9 vector DNA
Parental M13mpl9 (Yanisch-Perron et al., 1985) was used to infect
_  +20|il of an overnight culture of JM107 (hsdR , hsdM , F' ; Yanisch- 
Perron et al., 1985) in minimal medium (Miller, 1972) . The infected 
cells were added to 500ml of NZCY broth and incubated with shaking 
overnight at 37°C. Double-stranded M13mpl9 DNA was prepared from this 
culture using the protocol of Humphreys et al. (1975) . The cells were
harvested by centrifugation for 5 minutes at 4,000g, resuspended in 
10ml 25% sucrose in TE buffer, 1.5ml of lysozyme solution (20mg/ml in 
0.25M TRIS, pH8.0) and 5ml of 0.5M EDTA (pH8.0) and left on ice for 5 
minutes. An equal volume of Brij-DOC solution (1% Brij 58, Sigma;
0.4% Na-deoxycholate in TE) was added, and the mixture left to stand 
on ice for 20 minutes, followed by centrifugation for 60 minutes at 
40,000g. Polyethyleneglycol (PEG) and NaCl were added to the 
supernatant at final concentrations of 10% and 2.7% respectively, the 
mixture was left on ice for 2 hours and then centrifuged for 2 minutes 
at 3,000g. The pellet was resuspended in 5ml 0.1M NaCl in TE buffer,
8.Og of caesium chloride and 0.6ml of ethidium bromide (10mg/ml) and 
left for 45 minutes on ice. After centrifugation for 30 minutes at 
12,000g the supernatant was decanted away from the flocculent 
remainder of the PEG. A further 1.5ml of 0.1M NaCl in TE buffer was 
added and the mixture centrifuged for 40 hours at 158,000g at 15°C.
The band containing the M13mpl9 replicative form DNA was collected by 
side puncture, the ethidium bromide was removed by 5 successive 
extractions with butanol saturated in TE buffer, and the DNA dialysed 
overnight against 2 litres of TE buffer. The DNA was precipitated 
with ethanol and sodium acetate and resuspended in 2.5ml of TE buffer, 
for a yield of about 270|ig/ml.
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3.2.4.3 Ligation of esterase-6 and M13mpl9 DNA
Vector DNA suitable for cloning the Est6 gene was obtained by 
digesting 5|lg of M13mpl9 DNA with EcoRI in a total volume of 20|ll for 
2 hours at 37°C. The DNA was then extracted with phenol and 
chloroform, precipitated with ethanol and sodium acetate, and 
resuspended in 20(ll of TE buffer.
The digested M13mpl9 vector and electroeluted Est6 DNA were 
ligated by mixing 250ng of each with the ligation reagents and 
conditions described in Section 3.2.2.3.
3.2.5 Preparation of single-stranded recombinant M13mpl9 DNA
Competent JM107 cells were prepared using the methods of Morrison
(1979) . A culture of JM107 cells was grown overnight in 50ml minimal
medium with shaking at 37°C. The overnight culture was diluted
one hundred-fold in 1 litre of NZCY broth and grown with shaking at
37°C to an OD,cn of 0.5 (3-4 hours). The cells were chilled on ice 650
for 10 minutes, sedimented by centrifugation for 5 minutes at 4,000g 
and resuspended in 250ml of ice cold 0.1M MgCl0. After a second 
centrifugation for 5 minutes at 4,000g, the cells were resuspended in 
250ml of ice cold 0.1M CaC^ and left on ice for 30 minutes. The 
cells were sedimented a third time by centrifugation for 5 minutes at 
4,000g and resuspended in 50ml of ice cold 0.1M CaC^ containing 15% 
glycerol. The cells were dispensed into 300^ .1 aliquots, snap frozen 
in liquid nitrogen and stored at -80°C.
Freshly thawed competent JM107 cells were transformed with the 
ligated Est6/M13mpl9 DNA by adding 10|ll of DNA to 300JJ.1 of cells and 
incubating first for 40 minutes on ice and then for 2 minutes at 42°C. 
The transformed cells were then added to 200|ll of an overnight culture 
of JM107 cells in minimal medium, lOfll 0.1M IPTG (isopropyl- 
thiogalactoside, Sigma), 10|ll of 100mg/ml X-gal (5-bromo-4-chloro-
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3-indolyl-ß-D-galactopyranoside, Sigma) in dimethyl-formamide and 4ml 
molten NZCY (45°C) containing 0.6% agarose. This mixture was poured 
onto an NZCY agar plate and incubated overnight at 37°C. The 
following morning a field of predominantly clear recombinant M13mpl9 
plaques was present on the plates with a background level of parental 
blue plaques.
Single-stranded recombinant M13mpl9 DNA was then extracted from 
each of six clear plaques per Est6 clone. Each plaque was transferred 
to 3ml of NZCY broth containing 20(ll of an overnight culture of JM107 
cells. After 8 hours incubation with shaking at 37°C, 1.5ml of each 
culture was centrifuged for 5 minutes at 15,000g. 1.3ml of the
supernatant was removed and centrifuged again for 5 minutes at 
15,000g. 1.2ml of this supernatant was added to 300(11 of ice cold 25% 
PEG in 2.5M NaCl, and the mixture left on ice for 30 minutes followed 
by centrifugation for 5 minutes at 15,000g. The pellet containing the 
DNA was resuspended in 100|ll of TE and left at 4°C overnight.
The DNA was then extracted with 50(ll of phenol (no chloroform was 
used) and allowed to stand for five minutes, prior to centrifugation 
for 3 minutes at 15,000g. DNA was precipitated from 80jll of the 
aqueous phase with ethanol and sodium acetate and resuspended in 36(11 
of TE buffer.
It was necessary to determine the orientations of the 
Est6-containing fragments within the vector. This was achieved by 
adding 2|ll of single stranded DNA from one of the six isolates to 2|il 
of DNA from each of the other isolates and incubating the mixtures at 
65°C for 1 hour. The five annealing reactions were then subject to 
electrophoresis in 0.8% agarose using a 4X TAE buffer for 40 minutes 
at 1.7V/cm. If otherwise homologous Est6 DNA from any two M13mpl9 
isolates had been cloned in the opposite orientation, they annealed 
during the incubation to form a dimer which had slower mobility under
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the electrophoretic conditions specified. If the Est6 DNA from any 
two M13mpl9 isolates had been cloned in the same orientation then no 
annealing took place. Two isolates for each clone, one of each 
orientation, were selected for sequence analysis.
3.2.6 Sequencing of esterase-6 in M13mpl9
3.2.6.1 Preparation of acrylamide gels
A 40% stock solution of 20:1 acrylamide:bis-acrylamide was 
prepared. This stock solution was diluted to 6% acrylamide in a total 
volume of 60ml that also contained 42% urea and 2X TBE buffer. The 
solution was filtered through Watman No.2 filter paper and de-gassed. 
Ammonium persulphate to a final concentration of 0.17% and 40|ll of 
TEMED (N,N,N',N'-tetramethylethylenediamine) were then added and the 
mixture poured between two glass plates (4mm X 34cm X 43cm) separated 
by strips of 0.25mm thick plastic (Mylar). A plastic comb with 3mm 
wide teeth was inserted at the top of the gel, which was then left to 
polymerise for one hour. Gels were mounted vertically and subjected 
to electrophoresis for about 20 minutes at 70 Watts prior to loading 
of the samples. Each buffer tank contained 1.5 litres of 2X TBE 
buffer.
3.2.6.2 Sequencing reactions
Sequencing reagents were obtained in kit form from Bresatec and 
dideoxy sequencing reactions (Sanger et al., 1977) were conducted 
essentially as described by the manufacturer. The only major 
difference from the manufacturer's protocol was the use of 9 custom- 
made primers homologous to short sequences of the Est6 gene separated 
by 280-430 nucleotides. The primer supplied in the kit and 4 of the 
custom-made primers were used to sequence the Est6 gene in the 5' to 
3' orientation. The remaining five custom-made primers were used to 
sequence the gene in the 3' to 5' orientation. The sequences of the
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custom-made primers and the positions of the homologous DNA in Est6 
are shown in Table 6.
In the description below of the protocol used to prepare DNA 
fragments for sequencing the following abbreviations are used: dATP = 
2'-deoxyadenosine-5'-triphosphate; dCTP = d-cytidine-TP; dGTP = d- 
guanosine-TP; dTTP = d-thymidine-TP; dd = dideoxy; and N = any one of 
the nucleotides.
Recombinant M13mpl9 DNA was annealed to the primer DNA by 
combining 6|ll of the former (prepared as described in Section 3.2.5) 
with lp.1 of primer DNA (2.5ng/)il) to a final concentration of lOmM 
TRIS, lOmM MgCl2, pH8.0 in a total volume of 10|ll. After allowing the 
DNA to anneal for 1 hour at 65°C, the DNA was added to 10(lCi of 
dessicated 32P-dATP (3f000Ci/mM, Bresatec) and 0.7[il of the Klenow 
fragment of DNA polymerase I (2Ä./JJ.1) . The mixture was dispensed in 
2jil aliquots into four previously prepared tubes containing
PRIMER 5'-3' SEQUENCE POSITION
A TGACCGGCAGCAAAATG M13mpl9 PRIMER
B CAGTTCACGCCTGGGGCC 271-288
C CGGCTGGCTCTCAAATGG 547-564
D GGAAAGTTCGGACAGGT 973-989
E ATCGCACAGGTCCTGGCC 1348-1365
F ATTTAAAGCCAGTTGAGAATAA 1768-1749
G GGCCAGGACCTGTGCGAT 1365-1348
H ACCTGTCCGAACTTTCC 989-973
I CCATTTGAGAGCCAGCCG 564-547
J GGCCCCAGGCGTGAACTG 288-271
Table 6. DNA primers used to obtain Est6 nucleotide sequence. A to E 
were used to obtain sequence from the Est6 gene in the 5' to 3' 
orientation. F to J were used to obtain sequence in the 3' to 5' 
orientations. The positions of the regions in Est6 with homology to 
the primers are shown using the numbering given in Figure 6 (Section 
3.3.1). Up to two mis-matches due to nucleotide polymorphisms were 
encountered for a primer but these did not prevent annealing of the 
primer to the Est6 DNA. Note that an additional custom-made primer 
was required for the 3' to 5' sequencing because the Est6 DNA fragment 
contained either 2kb or 4Jcb of sequence 3' to the Est6 gene (Section 
3.2.3), so that the M13mpl9 primer could not be used to obtain Est6 
sequence in this orientation.
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the following nucleotide mixes: (i) lfll of A° mix (5.8|1M dATP, 118)1M
dCTP, dGTP and dTTP) and l|il of 120|lM ddATP; (ii) l|ll of C° mix (3.9|iM 
dATP, 15.7|iM dCTP, 155|1M dGTP and dTTP) and 1^1 of 80|iM ddCTP; (iii) 
l|ll of G° mix (3.8jJM dATP, 19.2|1M dGTP, 154|lM dCTP and dTTP) and ljil 
of 360|1M ddGTP; (iv) l|ll of T° mix (3.9}1M dATP, 15.7(1M dTTP, 155|1M 
dCTP and dGTP) and l|ll 600|iM ddTTP. The N° mixes and ddNTP's were 
buffered in 5mM TRIS and 0.ImM EDTA, pH8.0.
The DNA primer was then extended in each of these reactions by 
first incubating the samples for 20 minutes at 37°C, then adding 2[ll 
of chase solution (250|LLM each of dATP, dCTP, dGTP and dTTP) and 
finally incubating for a further 20 minutes at 37°C. Each reaction 
was then stopped by the addition of 4|i.l of lOOmM NaOH, 0. ImM EDTA in 
formamide containing bromophenol blue and xylene cvanol dyes (ll|ig/ml 
each).
The DNA was denatured and the volume reduced to 4|il by incubating 
the samples at 100°C for 7 minutes with their caps off. The samples 
were then electrophoresed by loading l|ll of each reaction into a 
pocket of the acrylamide gel in the order A, C, G and T. Usually, 8 
sets of four reactions were prepared and loaded onto two gels. The 
first gel was subjected to electrophoresis at 70 Watts for about 75 
minutes, enabling about 150bp of sequence from the primer to be 
determined. The second gel was electrophoresed at 70 Watts for about 
3 hours and 40 minutes, enabling sequence between about 130bp and 
480bp from the primer to be determined.
At the completion of electrophoresis each gel was fixed in 10% 
acetic acid for 15 minutes, dried in vaccuo at 80°C for 1 hour, and 
exposed to Fuji type NC X-ray film overnight at room temperature.
The Est6 DNA sequences were then determined from the developed X- 
ray film and read directly into a computer file with the aid of a SAC 
sequence digitiser. The sequence information was then compiled and
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compared among the 11 Coffs Harbour Est6 clones and compared to the 
previously determined sequences of the two American clones. Sequence 
differences were considered genuine if they occurred in both sequence 
orientations after cross-checking back to the X-ray films. No 
ambiguous results or secondary structure problems were encountered in
the sequencing of the Est6 clones.
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3.3 RESULTS
3.3.1 Nucleotide polymorphisms
A total of 1,754 base pairs (bp) of nucleotide sequence was 
obtained for each of the 11 EST6 isolates from the Coffs Harbour 
population. Twenty-four base pairs were sequenced 5' to exon I, which 
was l,387bp long. Then followed a 51bp intron and exon II, which was 
243bp long (including the TAA stop codon). Forty-four base pairs 3' 
to the Est6 gene were also sequenced. The nucleotide sequence shown 
in Figure 6 is that for the class 8 isolate from Coffs Harbour (the 
most common EST6-S class) and this is used hereafter as the reference 
sequence.
Fifty-one nucleotide polymorphisms were found in the region 
sequenced among the II Coffs Harbour isolates. Comparison with the 
two American sequences obtained previously (9-US, Gakeshott et al., 
1987; and 8-US, Collet et al., in prep.; Section 3.2.1) revealed one 
further difference, in class 9-US, bringing the total number of 
nucleotide polymorphisms detected at the Est6 locus to 52 (Figure 6). 
Of these 52, one was in the 5' untranslated region, 38 in exon I, one 
in the intron, seven in exon II, and five in the 3' untranslated 
region. Twelve of the polymorphisms in exon I and four in exon II 
result in amino acid replacements. The distribution of the 52 
polymorphisms among the 13 isolates and ten EST6 electrophoretic 
classes is shown in Table 7.
Levels of nucleotide polymorphism and heterozygosity were 
calculated separately for seven categories of sequence, namely, the 
5' untranslated region, silent sites in exon I, replacement sites in 
exon I, the intron, silent sites in exon II, replacement sites in 
exon II and the 3' untranslated region (Table 8). The two US 
sequences were excluded from these calculations so that variation 
within a single population would not be confounded by variation
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-24 -10 -1
GAATTCGCCGGAGTGAGGAGCAAC 
1 
G
1 10 20 30 40 50 60 70 30 90
atgaactacgtgggactgggacttatcattgtgctgagctgcctttggctcggttcgaacgcgagtgatacagatgaccctctgttggtgcagctgcccc
4
ATA
110 120 130 140 150 160 170 180 190
AGGGCAAGCTACGTGGTCGCGATAATGGAAGCTACTACAGCTACGAATCGATTCCCTACGCCGAACCGCCCACTGGCGATCTACGATTCGAGGCTCCAGA
4
CCG
210 220 230 240 250 260 270 280 290
GCCGTACAAACAAAAGTGGTCGGATATATTCGATGCCACCAAAACCCCGGTGGCGTGCCTGCAGTGGGATCAGTTCACGCCTGGGGCCAACAAATTGGTA
4 4
CCT GCG
310 320 330 340 350 360 370 380 390
GGAGAGGAGGATTGCCTAACCGTCAGCGTCTACAAGCCGAAGAATAGCAAGAGGAATAGCTTTCCGGTGGTGGCCCACATTCACGGAGGTGCCTTTATGT
4 4 4 4 4 4
CTG GTT TAT CAT GGTGGA
410 420 430 440 450 460 470 480 490
TCGGTGCAGCATGGCAAAATGGACACGAGAACGTGATGCGTGAGGGCAAATTCATTCTGGTGAAGATAAGCTATCGCCTGGGGCCATTGGGTTTCGTGAG
510 520 530 540 550 560 570 580 590
CACCGGCGATAGGGATCTTCCCGGAAACTATGGACTGAAAGATCAACGGCTGGCTCTCAAATGGATTAAGCAGAATATAGCCAGTTTTGGTGGAGAACCG
4 1
tgg ggc
610 620 630 640 650 660 670 680 690
cagaacgtactgttggttggtcactccgctggaggagcttcggtccatctgcagatgcttcgtgaagatttcggccagctggccagggcggcattctcgt
710 720 730 740 750 760 770. 780 790
ttagtc-gaaatgctctagatccatgggttatacagaagggagcaagaggacgagcctttgaactgggacgcaacgtgggatgtgaatcggctgaagactc
i i
AGC GAC
810 820 830 840 850 860 870 880 890
GACCAGCCTGAAGAAATGCCTAAAGTCAAAGCCAGCCAGTGAATTAGTCACCGCCGTCCGTAAATTCCTTATATTTTCCTATGTGCCCTTTGCTCCATTT
4 4 4 4
GCA GTT CTT
910 920 930 940 950 960 970 980 990
AGTCCTGTATTGGAGCCATCGGATGCTCCAGACGCCATTATCACCCAGGATCCCAGGGATGTCATTAAGAGCGGAAAGTTCGGACAGGTTCCGTGGGCTG
4 44 4 4
CCCGTGCTG ATC GTC
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1010 1020 1030 1040 1050 1060 1070 1080 1090
TTTCCTATGTCACAGAGGATGGTGGCTACAATGCCGCCTTGCTTTTGAAGGAACGGAAATCTGGAATAGTTATCGATGATCTAAACGAGCGTTGGCTTGA
I l
ACA GAT
1110 1120 1130 1140 1150 1160 1170 1180 1190
GTTGGCACCATATTTACTATTCTACCGGGACACGAAGACCAAAAAGGATATGGACGACTACTCGCGGAAAATTAAGCAGGAGTATATAGGCAATCAGAGA
I I I  i
CAT TTT ATG GAC
1210 1220 1230 1240 1250 1260 1270 1280 1290
TTTGACATCGAAAGCTATTCAGAATTGCAGCGGCTATTCACGGATATTCTCTTCAAGAATAGCACGCAGGAGTCATTGGATCTTCATCGCAAATATGGAA
l I I I
ATA GTG TTATTT
1310 1320 1330 1340 1350 1360 1370 1380 1390
AGAGTCCTGCCTACGCTTATGTCTATGACAATCCAGCCGAAAAAGGAATCGCACAGGTCCTGGCCAATCGAACCGATTATGATTTTGGTAAGGAAATCGT
ATT CAAGTG AAC ACT
1410 1420 1430 1440 1450 1460 1470 1480 1490
ACTTTTAAATGGACTTAGTTAAATCATTACTTTTATAGGAACTGTACACGGTGACGACTACTTTTTGATATTCGAAAATTTCGTACGAGATGTGGAAATG
l l l
A GTG GGC
1510 1520 1530 1540 1550 1560 1570 1580 1590
CGTCCGGATGAGCAGATAATTTCGAGAAATTTTATCAATATGCTGGCAGATTTTGCTTCGAGTGATAATGGCTCTCTAAAATATGGTGAATGCGATTTCA
i I
AAA GCT
1610
i
ACT
1620 1630 1640 1650 1660 1670 1680 1690
AAGATAATGTAGGTAGTGAGAAATTCCAATTATTAGCTATTTATATTGATGGCTGCCAGAATAGGCAGCATGTGGAATTTCCGTAAGTTACATGAATAAA
l
GAA
i
TAC
1710 1720 1730
ATCAAAAATTTTTCGTTCTGTGTAATTTTT
ll u
GC CT
Figure 6. Nucleotide sequence for EST6 class 8 from Coffs 
Harbour. The first and last codons, ATG and TAA, are in 
bold type. The 51bp intron has been underlined. All 
nucleotide substitutions between this reference class 8 
sequence and those of the other EST6 electrophoretic classes 
are indicated by arrows underneath the substitutions. For 
substitutions in exons the affected codon is shown and 
altered codons in bold type indicate substitutions resulting 
in amino acid replacements.
Table 7. Nucleotide substitutions (■) among the 10 EST6 
electrophoretic classes. For those substitutions leading to amino 
acid replacements the amino acids involved and their positions in the 
amino acid sequence are also shown. The American (Collet et al., in 
prep.) and Australian class 8 nucleotide sequences were identical and 
are used as the reference. The 9-US variant (OaJceshott et al., 1987; 
Section 3.2.1) was a cDNA clone and no information is available for 
its non-coding sequences (NA).
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NUC. POS. cta. POS. EST6 ELECTROPHORETIC CLASS
1 2 3 4a 4b 5 10 6 7
5' UNTRANSLATED
A—»G -2 . . . ■ . . . . .
2X0N I
C-»T 71 T to J at 3 . ■ ■
A—»G 198 ■ .
G—*T 204 . ■
T—»G 220 S to A at 53 ■ .
A—>G 318 ■ ■ ■ ■ ■
C->T 324 ■
C—»T 333 . ■
C—»T 378 ■ . ■ ■
A—>T 387 . ■
T—*A 390 ■ ■
A—»T 511 R to W at 150 ■ . .
T—*C 591 ■ ■ ■ ■
T—*C 705 ■ ■ ■ ■
A—>G 772 N to D at 237 ■ ■ ■ ■ ■ ■ ■
A—>G 802 T to A at 247 ■ ■ ■ ■ ■ ■ ■ ■
C-»A 804 . ■ . . . . .
C—»T 849 ■ ■ ■ ■ . ■ ■ ■
T-*C 898 F to L at 279 . . . ■
T—»C 906 ■ ■ ■
A—»G 909 ■ ■ ■
T->C 910 ■ ■ ■
T-*C 966 ■ . ■ ■ ■
T—»C 990 ■
T-*C 1067 I to T at 335 ■
G—»T 1089 E to D at 342 ■
T—>C 1111 Y to H at 350 ■
C—»T 1122 ■
A—»T 1145 K to M at 361 ■
G—>C 1182 E to D at 373 ■
C—»A 1209 ■
T-4G 1225 L to V at 388 ■
C—»T 1234 ■
C—*T 1239 ■
C-»T 1350 ■
G->A 1356 ■
C-*G 1359 ■
T—+C 1368 ■
C—»T 1374 ■ •
INTRON
T—>A 1405 ■ . ■ ■ ■ •
EXON II
A—»G 1446 ■ ■ ■ ■ ■ ■
T—>C 1452 ■ . •
G—>A 1526 R to K at 471 • ■ ■
T-K5 1573 S tc A at 487 ■ • ■
A—>G 1607 N tc S at 498 • •
G—»A 1620 ■ . ■ • •
G—»A 1655 C to Y at 514 - • ■ •
3' UNTRANSLATED
C-»A 1691 ■ ■ • .
C—>G 1703 . ■ ■
A—>C 1704 ■ . . •
A—*C 1706 . ■ . .
A—»T 1707 ■ . .
9-OS
NA
NA
 ■
NA
NA
NA
NA
NA
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Number of 
Nucleotide 
Sites Compared
Number of 
Poly­
morphisms
% Polymorphism 
+ s . e .
% Average 
Heterozygosity 
22 s . e .
5' UNTRAN 24 1 4.2 + 4.1 0.7 + 0.7
EXON I Ton 1387 38 2.7 + 0.4 0.7 + 0.1
Sil 313 26 8.3 + 1.6 2.3 + 0.5
Rep 1074 12 1.1 + 0.3 0.3 + 0.1
INTRON 51 2.0 + 2.0 1.0 + 1.0
EXON II Tot 248 6 (+1) 2.4 + 1.0 0.7 + 0.3
Sil 48 3 6.3 + 3.5 1.9 + 1.2
Rep 200 3 (+1) 1.5 + 0.9 0.4 + 0.3
3' UNTRAN 44 5 11.4 + 4.6 3.3 + 1.5
Table 8. Est6 nucleotide polymorphisms in the untranslated 5' and 3' 
regions (UNTRAN), the intron and each exon (Tot = total, Sil = silent 
and Rep = replacement). The contribution of 9-US to the number of 
polymorphisms is shown in brackets, but all calculations of 
% Polymorphism and % Average Heterozygosity and their standard errors 
were done using the 11 Coffs Harbour lines alone.
2between populations. Contingency X analysis showed that amounts of
polymorphism differed significantly among the seven sequence 
2categories (Xg = 58.9; P < 0.0005). Three more contingency 
2X tests were then carried out to identify the source of this
heterogeneity. The first of these showed no significant difference
2among the five non-coding sequence categories (X^  = 3.96; P > 0.05) .
The second showed no significant difference between the two coding
2sequence categories (X-^ = 0.181; P > 0.05) . The third showed a highly
significant difference between the group of five non-coding sequence
2categories and the group of two coding sequence categories (X-j_ = 49.2; 
P < 0.0005). Overall the level of polymorphism was 7.5% + 1.2% in the 
non-coding categories versus 1.2% + 0.3% in the coding categories.
Average nucleotide heterozygosities were also calculated for each
sequence category, once again using the Coffs Harbour sequences only
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(Table 8). This index was calculated by averaging the heterozygosity 
expected at each nucleotide position across all positions in a given 
sequence category. Expected values were calculated from the 
information in Table 7, assuming Hardy-Weinberg distributions of 
"genotype" frequencies. The average heterozygosity values showed the 
same pattern of differences across sequence categories as did the 
amount of polymorphism. Once again there was substantially greater 
variation in the non-coding sequence categories compared with the 
coding sequence categories. For example, average heterozygosities for 
replacement sites in exon I and exon II were 0.3% and 0.4% 
respectively, compared to values for non-coding sequence categories 
which range from 0.7% for the 5' untranslated region to 3.3% for the 
3' untranslated region.
3.3.2 Amino acid polymorphisms
The inferred EST6 protein sequence comprises 544 amino acids.
The first exon encodes 462 amino acids, of which the first 21 form a 
signal peptide (Section 1.4.5). The last nucleotide in exon I forms a 
codon with the first two nucleotides in exon II and for convenience 
this codon is considered part of exon II. Exon II is therefore 
considered to encode 82 amino acids and the stop codon.
Figure 7 shows the inferred amino acid sequence for class 8, 
together with the locations of eleven regions of putative structural 
or functional importance and the 16 amino acid replacements that occur 
in the other nine EST6 electrophoretic classes. The eleven regions 
are the signal peptide, the four glycosylaticn sites, the three 
disulphide bridges, and the three regions containing active site amino 
acids (Section 1.4.5) . Several amino acid replacements occur in or 
adjacent to these regions of putative function. In particular, two
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I-- Signal Peptide |
-21 -1 
MNYVGLGLIIVLSCLWLGSNA
I------  3 “  S - -- 1
1 10 20 30 40 50 60 | 70 80 j 90
SDTDDPLLVQLPQGKLRGRDNGSYYSYESIPYAEPPTGDLRFEAPEPYXQKWSDIFDATKTPVACLQWDQFTPGANKLVGEEDCLTVSVYKPKNSKRNSF
i i
I A
Active Site Asp Active Site Ser
110 120 130 140 150
PWAHIHGGAFMFGAAWQNGHENVMREGKFILVKISYRLGPLGFVSTGDRDL
i
170 180
PGNYGLKDQRLA LKWIKQNIASFGGE PQNVLLV GHSAGGAS VHLQMLR
r~'i210 220 230 I I 260 270 280 290
EDFGQLARAAFSFSGNALDPWVIQXGARGRAFELGRNVGCESAEDSTSLXXCLXSXPASELVTAVRXFLIFSYVPFAPFSPVLEPSDAPDAIITQDPRDV
1 1  1
D A  X.
310 320 330 340 350 360 370 380 390
IXSGXFGQVPWAVSYVTEDGGYNAALLLKERXSGIVIDDLNERWLELAPYLLFYRDTXTXKDMDDYSRXIXQEYIGNQRFPIESYSELQRLFTDILFXHS
1 1 1  1 1 1
Active Site His
410 420 430 440
TQESLDLHRXYGXSPAYAYVYDNPAEXGIAQVLANRTDYDFGTV HGDD
450 460 470 480 490
YFLIFENFVRDVEMRPDEQIISRNFINMLADFASSDNGSLXYGECDFXDNVG
1 1 1
K A S
SEKFQLLAIYIDGCQNRQHVEFP
I
Y
Figure 7. The inferred primary amino acid sequence of EST6 
class 8. Regions of putative function include; a 21 residue 
signal peptide, four glyccsylation recognition sequences (in 
bold characters and underlined), three disulphide bridges 
(-S-S-) and three regions implicated in the active site 
(Section 1.4.5) . The 16 amino acid replacements in ehe 
other EST6 isolates are indicated underneath the reference 
sequence. A key for the triple and single letter amino acid 
code follows:
Alanine Ala A Arginine Arg R
Asparagine Asn N Aspartic acid Asp D
Cysteine Cys C Glutamic acid Glu E
Glutamine Gin Q Glycine Gly G
Histidine His H Isoleucine H e I
Leucine Leu L Lysine Lys K
Methionine Met M Phenylalanine Phe F
Proline Pro P Serine Ser S
Threonine Thr T Tryptophan Trp w
Tyrosine Tyr Y Valine Val V
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replacements, Asn—»Asp at position 237, and Thr—»Ala at position 247, 
are adjacent to a disulphide bridge between cysteine residues 240 and 
252. The Ser—»Ala at position 487 disrupts a putative glycosylation 
site. The Asn—»Ser at position 498 is within a region spanned by 
another disulphide bridge (residues 493 and 514), while the Cys—»Tyr at 
position 514 removes this disulphide bridge leaving an unpaired 
cysteine at position 493 . The Arg—»Trp at position 150 is ten amino 
acids away from the aspartic acid at position 160 that may be involved 
in the active site.
3.3.2.1 Measures of amino acid conservation
The 16 amino acid polymorphisms found for EST6 are assessed 
against two different measures of amino acid conservation in Table 9. 
The first of these, the amino acid replacement odds score (Dayhoff et 
al., 1972) is empirically derived, using data on the relative 
frequencies of different amino acid replacements among related 
proteins from nine different protein families (including haemoglobin 
and cytochrome C). An odds score was calculated by Dayhoff et al. 
(1972) for ail possible replacements among the 20 amino acids and the 
score for each pair is a measure of the observed frequency of that 
replacement compared to that expected from the overall frequencies of 
the two amino acids involved and the number of nucleotide differences 
between their respective codons (Figure 9-11 p97 of Dayhoff et al., 
1972). Dayhoff et al. (1972) showed that the odds ratio for each 
replacement varied to a degree depending on the overall relatedness of 
the sequences compared. Two matrices of odds scores were therefore 
calculated, one for sequences involving an average difference of two 
PAM's (two accepted point mutations every 100 residues) and another 
for an average difference of 256 PAM's. The average difference 
between any pair of the 13 EST6 sequences is 3.8 amino acids, which
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Aaa POS
DAYHOFF
GROUP SIZE POLARITY HYDROPHOBICITY
Thr -4 lie 3 >exp S —> L Pol —> NonP Phob — > Phob
Ser —> Ala 53 » e x p s  -4  s Pol —> NonP Phil —> Phob
Arg -4 Trp 150 «exp L — > L Pol — >Pol Phil — >Phob
Asn —» Asp 237 » e x p S - 4  S Pol — > Pol Phil -» Phil
Thr -4 Ala 2 47 » e x p S -4 S Pol —> NonP Phob —> Phob
Phe —» Leu 27 9 >exp L —> L NonP — > NonP Phob —> Phob
H e  -> Thr 335 >exp L —> S NonP —> Pol Phob — > Phob
Glu -4 Asp 342 » e x p L —) S Pol —> Pol Phil -> Phil
Tyr - 4  His 350 =exp L -4 L Pol —> Pol Phob -4 Phob
Lys —> Met 3 61 =exp L -4 L Fol —» NonP Phob -> Phob
Glu -4 Asp 373 » e x p L —> S Pol —> Pol Phil -4 Phil
Leu -4 Val 38 8 >exp L —> S NonP —> NonP Phob -4 Phob
Arg -4 Lys 471 » e x p L -4 L Pol —> Pol Phil —> Phob
Ser —» Ala 487 » e x p S 4  S Pol -> NonP Phil -4 Phob
Asn —» Ser 498 » e x p S 4  S Pol —» Pol Phil Phil
Cys -4 Tyr 514 «exp S —  ^L NonP — >Pol Phob— »Phob
Table 9. Measures of conservation in physicochemical properties for 
each of the 16 amino acid replacements. The Dayhoff group is based on 
the empirically derived indicator of the observed frequency of each 
replacement in other proteins relative to their expected frequencies 
given the individual frequencies of the constituent amino acids and 
the constraints of the genetic code (Fig. 9-11 p97 of Dayhoff et al., 
1972). These ratios of observed to expected frequency fall into the 
five groups discussed in the text (Section 3.3.2.1). Their rank in 
increasing order of conservation is <<, <, = , >, » .  The group < is 
not represented in EST6. The size, polarity and hydrophobicity 
measures are taken from Taylor (1986) . For size, S = Small and 
L = Large; for polarity, Pol = Polar and NonP = Non-polar; for 
hydrophobicity; Phob = Hydrophobic and Phil = Hydrophilic. Non­
conservative properties are shown in bold type.
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for a protein of 544 residues is equivalent to 0.73 PAM's, so the EST6 
changes are assessed against the odds ratio matrix for two PAM's.
Dayhoff at al. (1972) identified five groups of replacements
according to their odds scores. The group "«expected" represents 
very non-conservative replacements because they were not observed at 
all in the data analysed. The group «expected" are non-conservative 
because they were observed, but significantly less frequently than 
expected. The group "=expected" are neither conservative nor non­
conservative, in so much as their frequency does not differ 
significantly from that expected. The group ">expected" are 
conservative and occur at significantly higher than expected 
frequencies. The group "»expected" are very conservative and occur 
at much greater than expected frequencies. As these groupings were 
broadly consistent across the two PAM and 256 PAM data sets of Dayhoff 
et al. (1972), it is presumed that the difference in PAM size between
the former and EST6 (0.73 PAM's) does not invalidate the assessment of 
the EST6 replacements against the five groupings obtained using the 2 
PAM's matrix.
Among the 16 amino acid polymorphisms for EST6 there is a marked 
preponderance of conservative and very conservative replacements 
(Table 9). Thus only two replacements in EST6 fall into the very non- 
conservative group:
Arg—»Trp at position 150; and Cys—»Tyr at position 514.
No replacements of the non-conservative group occur among the EST6 
sequences but two replacements are neither conservative nor non­
conservative :
Tyr—»His at position 350; and Lys—»Met at position 361.
Four replacements fall in the conservative group:
Thr—»Ile at position 3; Phe—»Leu at position 27 9;
Ile—»Thr at position 335; Leu—»Val at position 388 .
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The remaining eight replacements fall into the very conservative 
group:
Ser—-»Ala at positions 53 and 487; Asn—»Asp at position 237;
Thr—»Ala at position 247; Glu—»Asp at positions 342 and 373;
Arg—»Lys at position 471; Asn—»Ser at position 498 .
The second measure of conservation shown in Table 9 is that of 
Taylor (1986) . This measure is based largely on a comparison of the 
physicochemical properties of the 20 amino acids. In figure 2 of 
Taylor (1986, p208) these physicochemical properties are arranged in a 
Venn diagram according to set theory. Three major sets are described; 
small (versus large), polar (versus non-polar), and hydrophobic 
(versus hydrophilic). The corresponding headings in Table 9 are size, 
polarity and hydrophobicity. Following Taylor (1986), amino acid 
replacements can be classed as conservative or non-conservative for 
each of these properties, depending on whether or not the residues 
involved occur in the same set.
On these criteria, six of the 16 amino acid polymorphisms in the 
EST6 data are non-conservative changes in size, seven non-conservative 
in polarity, and four non-conservative in hydrophobicity. None of the 
16 amino acid replacements are non-conservative for all three 
properties but five replacements are only conservative for one of the 
properties:
Thr—»Ile at position 3; Ser-»Ala at positions 53 and 487;
Ile—»Thr at position 335; Cys—»Tyr at position 514.
Seven replacements are conservative for two out of three properties:
Arg—»Trp at position 150; Thr—»Ala at position 2 47;
Glu—»Asp at positions 342 and 37 3; Lys—»Met at position 3 61;
Leu—»Val at position 388; Arg—»Lys at position 471.
Four replacements are conservative for all three properties:
Asn—»Asp at position 237; Phe—»Leu at position 27 9;
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Tyr—»His at position 350; Asn—»Ser at position 498 .
The assessments of the EST6 amino acid polymorphisms using the 
criteria of Dayhoff et al. (1972) and Taylor (1986) are in broad but
not complete agreement. Considering the two measures together, the 
least conservative change would seem to be Cys—»Tyr at position 514, 
which is in the very non-conservative group of Dayhoff et al. (1972) 
and is non-conservative for both the polarity and hydrophobicity 
properties of Taylor (1986). The most conservative replacements 
across the two criteria are Asn—»Asp at 237 and Asn—»Ser at 498, both of 
which are in the very conservative group of Dayhoff et ai. (1972) and 
are conservative for all three physicochemical properties of Taylor 
(1986) .
3.3.2.2 Predictions of secondary structures
Four basic forms of secondary structure have been identified;
a-helix, ß-strand, turn and coil (Pauling et al., 1951; Pauling and
Corey, 1951; Venkatachalam, 1968) . To a significant degree these
forms are determined by the two dihedral angles, <J) and \y, which
represent the degrees of rotation around backbone N-C and C -C bonds,(X CC
respectively, in the primary amino acid sequence of the protein.
These bond angles have now been measured for individual amino acids in 
several soluble globular proteins of known crystal structure and 
sequence (Robson and Pain, 1974a, 1974b, 1974c; Richardson, 1981) . 
Algorithms have been developed from these data which can be used to 
predict the secondary structures of other proteins whose primary 
sequences but not crystal structures are known.
Two such algorithms were used to predict the secondary structure 
of the mature EST6 protein. The method of Gamier et al. (1978) is
considered to be superior to that of Chou and Fasman (1978) because of 
its slightly higher accuracy, its lack of arbitrary rules, and its 
simplicity of application (Taylor and Thornton, 1983, 1984; Taylor,
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1987) . Only results from the method of Gamier et al. (1978) are
presented here as booh methods produced essentially the same results. 
Following Taylor (1987) and Nishikawa (1983), the analyses here do not 
attempt to distinguish predictions of coil and turn conformations 
because these two conformations are not predicted as accurately as 
a-helix and ß-strand. (Correlations between observed and predicted 
structures were more than twice as good for a-helix and ß-strand than 
for turn or coil conformations; Taylor, 1987) .
Figure 8 shows that four of the 16 EST6 amino acid polymorphisms 
radically alter the predicted secondary structure by introducing or 
removing a-helix and ß-strand conformations and these replacements are 
thus considered non-conservative:
Ser—»Ala at positions 53 and 487; Asn—»Asp at position 237;
Arg—»Lys at position 471.
Eight replacements only slightly alter the size of a structure already 
present and are considered conservative:
Thr—»Ile at position 3; Thr—»Ala at position 2 47;
Ile—»Thr at position 335, Glu—»Asp at position 342;
Tyr—»His at position 350; Lys—»Met at position 3 61;
Glu—»Asp at position 373; Cys—»Tyr at position 514.
(Ile—»Thr at 335, Glu—»Asp at 342 and Tyr-»His at 350 were analysed 
together because they are all close together in the sequence and only 
occur in class 5).
Four replacements do not alter the predicted secondary structure at 
all and are thus totally conserved:
Arg—»Trp at position 150; Phe—»Leu at position 27 9;
Leu—»Val at position 388; Asn—»Ser at position 498 .
There was little correlation across the 16 polymorphisms in the 
extent of effects on predicted secondary structure and the degree of 
conservation with respect to the other measures of conservation above.
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Figure 8. The secondary structure predicted for mature EST6 
class 8, using the algorithm of Gamier et al. (1978) . * =
Turn or Coil; B = ß-strand; and H = a-helix. Structural and 
functional regions are marked as in Figure 7. The 16 amino 
acid replacements are indicated by bold characters and 
position numbers above the sequence. Twelve of the 16 
replacements result in changes to predicted secondary 
structure and these changes are indicated under the 
reference sequence. Four of these, shown in bold type, 
result in major differences. The combined effects of 
replacements at positions 237 and 247, and at 335, 342 and 
350 are shown in parentheses. The four replacements that do 
not change the prediction are at positions 150, 279, 388 and 
493 .
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For example, the two most conservative replacements by the criteria of 
Dayhoff et al. (1972) and Taylor (1986) were Asn—»Asp at position 237
and Asn—»Ser at position 498, the first of which has a relatively large 
effect on predicted secondary structure but the second of which has no 
detectable effect in this respect at all. In addition the Cys—»Tyr at 
position 514, which was highly non-conservative by the criteria of 
Dayhoff et al. (1972) and Taylor (1986), only has a slight effect on
secondary structure.
3.3.2.3 Hydropathy analyses
Comparisons of primary sequences and crystal structures of some 
soluble globular proteins have revealed a broad correlation between 
hydrophobic residues and the interior of the protein and hydrophilic 
residues and its surface. Kyte and Doolittle (1982) therefore 
developed an algorithm for calculating the moving average of the 
hydrophobicity/hydrophilicity scores of the residues in a primary 
amino acid sequence. By these means Kyte and Doolittle (1982) hoped 
to predict interior versus surface regions of proteins for which 
primary sequence but no crystal structure information was available. 
The predictive value of the algorithm is indeed high: for bovine 
Chymotrypsin, all five major surface regions and nine out of eleven 
major internal regions in the crystal structure were successfully 
predicted; for dogfish lactate dehydrogenase, all five major surface 
regions and six out of eight major internal regions in the crystal 
structure were successfully predicted.
Figure 9 shows the hydropathy plot for the class 8 sequence of 
ESTS, as well as the alterations to the plot due to the various amino 
acid replacements. As in the secondary structure analysis the signal 
peptide was excluded from the hydropathy analysis because it is 
cleaved off in vivo before protein folding takes place. Note also 
that the segment size used in calculating the hydropathy was 21 amino
Figure 9. The hydropathy plot for mature EST6 class 8 using the 
algorithm of Kyte and Doolittle (1982), with a moving segment size of 
21 amino acids. Positive values represent hydrophobic regions and 
negative values hydrophilic regions. The midpoint line corresponds to 
the average hydropathy for the entire amino acid sequence. The symbol 
★ is used to show the locations of the four putative glycosylation 
sites. Cysteine (C) residues that form disulphide bridges are joined 
by bold lines. The positions of the putative active site residues, 
aspartic acid (D), serine (S) and histidine (H) are also shown 
(Section 1.4.5) . Changes to the plot due to the 16 amino acid 
polymorphisms are indicated by a dashed line and differences between 
the hydropathy values Kyte and Doolittle (1982) assigned to the 
alternative amino acids are also shown (Ah).
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acids, which is at the upper limit of the sizes that Kyte and 
Doolittle (1982) recommend. A large segment size was chosen as a 
conservative approach to the present analysis; use of a large segment 
size meant that only relatively large differences in hydropathy 
associated with the amino acid polymorphisms were registered as 
differences on the plots.
The broad pattern of the hydropathy plots was similar for all the 
EST6 electromorphs. Thus in all plots there were two regions, 0 to 60 
amino acids and 350 to 435 amino acids, that were clearly hydrophilic. 
Most of the amino acids in these regions are probably on the surface 
of EST6. One large region, from 60 to 350 amino acids, was generally 
hydrophobic (except for three small hydrophilic zones near positions 
90, 150 and 240). Most of the amino acids in this hydrophobic region 
are probably inside the EST6 molecule. The region from 435 to 523 
amino acids (almost all encoded by exon II) crosses the midline 
repeatedly, with small peaks to either side, so it was unclear to what 
extent this region of the primary sequence lies on the surface or 
interior of EST6.
Only three of the replacements are stongly associated with 
hydrophobic peaks in the plot:
Phe—»Leu at position 27 9; Glu—»Asp at position 342;
Arg—»Lys at position 471.
Seven amino acid replacements are strongly associated with hydrophilic 
peaks in the plot:
Thr—»Ile at position 3; Ser—»Ala at position 53;
Asn—»Asp at position 237; Thr—»Ala at position 2 47;
Tyr—»His at position 350; Lys—»Met at position 3 61;
Glu—»Asp at position 373.
Six replacements are not strongly associated with either hydrophobic
or hydrophilic peaks. These are:
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Arg—»Trp at position 150/ Ile—»Thr at position 335;
Leu—»Val at position 388; Ser—»Ala at position 487;
Asn—»Ser at position 498; Cys—»Tyr at position 514.
Thus a minority of the amino acid polymorphisms fall in clearly 
hydrophobic regions likely to be in the interior of the EST6 molecule. 
Furthermore, the three polymorphisms found in these clearly 
hydrophobic regions, Phe—»Leu at position 27 9, Glu—»Asp at position 342 
and Arg—»Lys at position 471, are all conservative changes under the 
criteria of Dayhoff et al. (1972) and Taylor (1986), although the 
Arg—»Lys at position 471 is one of the four polymorphisms non­
conservative with respect to predicted secondary structure.
Conversely, the least conservative polymorphisms under the criteria of 
Dayhoff et al. (1972) and Taylor (1986), namely, Thr—»Ile at position 
3, Ser—»Ala at positions 53 and 487, Arg—»Trp at position 150, Ile—»Thr 
at position 335 and Cys—»Tyr at position 514, are not in clearly 
hydrophobic regions. In addition, two of the four replacements non­
conservative for secondary structure, Ser—»Ala at position 53 and 
Asn—»Asp at position 237, lie in clearly hydrophilic peaks, while the 
fourth, Ser—»Ala at position 487 lies in an indeterminate area of the 
hydropathy plot.
There is thus a general trend for hydrophobic regions likely to 
be in the interior of the EST6 protein to be less variable, both in 
terms of the number of polymorphisms and in terms of the likely 
physicochemical effects of those polymorphisms that do occur. This is 
consistent with observations of amino acid replacements in other 
proteins such as haemoglobin and several serine proteases and 
immunoglobins (Ramshaw et al., 1979; Craik et al., 1982; Craik et al.,
1983) .
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3.3.3 Amino acid polymorphism and electrophoretic variation
It is likely that most acrylamide electrophoretic conditions 
separate allelic variation on the basis of differences in charge 
rather than molecular weight or conformational differences (Ramshaw et 
al., 1979; McLellan, 1984; Richardson et al., 1986). In particular, 
the high resolution cellulose acetate plates used for EST6 (Chapter 2) 
should also separate essentially by charge differences alone at the pH 
of electrophoresis (pH8.5; Helena Laboratories, pers. comm.). The 16 
amino acid polymorphisms found among the EST6 electromorphs now 
provide an opportunity to test this assumption for cellulose acetate 
plates .
The charge differences associated with the 16 amino acid 
polymorphisms can be estimated approximately from knowledge of the 
pK^'s of the ionisable groups on the side chains of the amino acids 
involved. Five amino acids have groups susceptible to varying degrees 
of ionisation at pH's between 4.7 (the pi of EST6; see Appendix B) and 
8.5 (the pH of electrophoresis; Section 2.2.2). The approximate 
charge differences estimated for these amino acids at pH4.7, pH7.0 
(physiological pH) and pH8.5 respectively are:
Arg * II 12.5), + 1.0, + 1.0, + 1.0;
Asp (PKa = 3.8) , -0.9, -1.0, -1.0;
Glu <PKa ' 4.3) , -0.7, -1.0, -1.0;
His <PKa = 6.1) , + 1.0, +0.1, 0;
Lys <pKa = 10.8), +1.0, +1.0, +1.0.
These estimates are based on the pK values (in parentheses above) forcL
the relevant groups in the free amino acids (Weast, 1976; Larsen,
1980) using the Henderson-Hasselbalch relationship between charge, pH 
and pK for weak acids;
pH = pK + log([conjugate base]/[conjugate acid]).3.
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Empirical data from several systems generally confirm that these 
values apply, at least approximately, to the amino acids in their 
peptide-bonded states in proteins (for example, in cetacean 
myoglobins, Friend and Gurd, 1979). However, deviations from the free 
state pK values do occur for some amino acids as a result of local
u
conformational effects (for example, the serine protease active site 
residues, Myers et al., 1988). Over the pH range considered here 
these deviations would be most likely to affect the ionisation of 
histidine, such that higher actual pK 's could increase its positive 
charge at pH's 7.0 and 8.5 and lower actual pK 's could decrease itscl
positive charge at pH4.7.
Notwithstanding these uncertainties, three of the EST6 amino acid 
polymorphisms can be expected to have large effects on charge at both 
pH7.0 and pH8.5. These, with the charge differences in parentheses, 
are Asn—»Asp at position 237 (-1.0), Arg—»Trp at position 150 (-1.0) and 
Lys—»Met at position 361 (-1.0). In addition, the Tyr—»His at position 
350 should have a small effect at pH7.0 but none at pH8.5. The 
replacements likely to affect charge at pH4.7 are considered in the 
context of the isoelectric focussing experiment in Appendix 3. It is 
shown below that the three replacements involving charge differences 
at pH8.5 distinguish four of the electrophoretic mobility groups found 
for EST6.
3.3.3.1 Amino acid polymorphisms underlying large differences in 
relative mobility
Four major mobility classes were identified in Chapter 2, namely 
EST6-VF, EST6-F', EST6-F and EST6-S, with relative mobilities of 1.18, 
1.12, 1.06 to 1.08 and 0.99 to 1.02 respectively (Table 2; EST6-U is a 
special case discussed later in Section 3.3.3.2). Between these four 
major groups there are thus three approximately equal mobility
differences, each of about 0.06.
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Table 10 shows that the difference between EST6-F and EST6-S can 
be attributed to the Asn—»Asp at position 237 . The direction and size 
of this charge difference (-1.0) is consistent with the greater anodal 
mobility (electronegativity) of the EST6-F group compared to the 
EST6-S group. Moreover, this replacement occurs in all EST6-F 
isolates sequenced (and EST6-VF, see below) but is absent from five of 
the six EST6-S isolates sequenced. The exceptional EST6-S isolate 
(class 6) has the greatest mobility of the EST6-S variants and Section 
3.3.3.2 below will show that it is more appropriately considered an 
EST6-F variant.
The only other polymorphism whose distribution across 
electromorphs makes it a candidate to explain the EST6-F/EST6-S 
mobility difference is Thr—»Ala at position 247. This replacement 
occurs in all EST6-F isolates and is absent from four of the six 
EST6-S isolates. However, it is much less likely to explain the 
mobility difference distinguishing the two groups than the Asn—»Asp at 
position 237. This is because of its presence in the class 7 EST6-S 
isolate (as well as the class 6) and because it does not involve a 
charge difference at pH8.5.
The EST6-F' isolate is much more closely related to the EST6-3 
isolates than the EST6-F isolates in terms of overall sequence 
similarities (Table 7 and Figure 10 in Section 3.3.4 below). More 
specifically, the EST6-F' isolate lacks the Asn—»Asp at position 237, 
which explains the relative mobilities of the EST6-F lines. Instead 
however, the EST6-F' variant contains a Lys—»Met at position 361 and 
this substitution is also associated with a large charge difference 
(-1.0). This is the only replacement that distinguishes EST6-F' from 
the common EST6-S (class 8). It is unclear why this Lys-»Met at 
position 361 in EST6-F' should have a larger effect on the 
electronegativity of the protein than does the Asn—»Asp at position 237
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EST6 ELECTROPHORETIC CLASS
VF F 1 F 1 U 1 S
1 2 3 4a 4b 5 10 6 7 9 9-US
Aaa POS
Asn -4 Asp 237 ■ • ■ ■ ■ ■ ■ ■ • • •
Thr —> Ala 247 ■ • ■ ■ ■ ■ ■ ■ 9 •
Arg -4 Trp 150 ■ • • • • • • •
Lys —> Met 361 ■ • • • • • •
Ser -4 Ala 53 ■ • • • • •
Glu -4 Asp 373 ■ • • • • •
Ser -4 Ala 487 ■ • • ■ ■
Thr -> lie 3 ■ • ■ •
Leu -4 Val 388 • ■ • ■
lie -4 Thr 335 • • ■ •
Glu -4 Asp 342 • • ■ •
Tyr -4 His 350 • • ■ •
Arg -4 Lys 471 • • • ■ ■ •
Phe -4 Leu 279 • • • • ■ • •
Cys -4 Tyr 514 • • • • • • ■ • • • •
Asn —> Ser 498 • * • • • • • • • • ■
% FREQ 4 1 1 L 22 .0 J 3 1 1 6 6 NA
Table 10. Sixteen amino acid replacements (■) were found among the 
10 EST6 electrophoretic classes. % FREQ refers to the frequencies of 
the electrophoretic classes in the Coffs Harbour sample (Table 2).
Ail changes shown are with respect to the reference class 8 whose 
frequency was 56%. Replacements are listed in an order which 
highlights their relationships to the electrophoretic classes.
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in EST6-F. The difference may reflect different degrees of exposure 
of rhe respective regions to the protein surface and, consistent with 
this, the Asn—»Asp at position 237 is in a region that is less clearly 
hydrophilic than that containing the Lys—»Met at position 3 61 
(Figure 9).
The EST6-VF isolate shows greater overall sequence similarity to 
the EST6-F isolates than to either the EST6-F' or EST6-S isolates. In 
particular, EST6-VF contains the Asn—»Asp at position 237 
characteristic of the EST6-F isolates but does not bear the Lys—»Met at 
position 361 characteristic of EST6-F'. The greater mobility of 
EST6-VF can be attributed to an additional Arg—»Trp at position 150, 
which in fact is the only replacement that distinguishes EST6-VF from 
all the EST6-F isolates. Although this replacement occurs in a region 
of uncertain hydropathy it involves a large negative charge difference 
(-1.0), consistent with the substantially greater anodal mobility of 
the EST6-VF lines (which, in turn, suggests that it is in fact exposed 
to the surface of EST6) .
3.3.3.2 Amino acid polymorphisms underlying small differences in 
relative mobility
While the three large mobility differences are thus associated 
with the three replacements involving large charge differences, the 
small mobility differences within EST6-F and EST6-S must have other 
molecular bases because none of the other 13 replacements are expected 
to have direct effects on charge at. pH8.5. It is argued below that 
the small mobility differences arise because many of the amino acid 
replacements affect the conformation of EST6. This in turn can affect 
the net charge on the EST6 molecule by altering the degrees of 
exposure of other charged residues, that are not themselves 
polymorphic, to the EST6 surface.
92
Consider first the small mobility variants within EST6-S, namely, 
classes 6, 7, 8 and 9. These four variants segregate for seven amino 
acid polymorphisms, of which two are unique to EST6-S isolates. As 
previously, class 8, for which the Coffs Harbour and American isolates 
are identical, is used as the reference sequence. The 9-US isolate 
differs from this by only one replacement, Asn—)Ser at position 498.
It is perhaps surprising that this amino acid replacement would affect 
EST6 conformation because it is conserved for all measures of 
physicochemical or structural properties considered. However, it is 
in a region of uncertain hydropathy and in so much as it may be 
located in the protein interior, and internal replacements are more 
likely to disrupt conformation than those on the surface, such 
relatively conservative changes in physicochemical properties as do 
occur may be sufficient to produce some conformational change (for 
example the molecular volumes of the side chains of Asn and Ser differ 
by nearly two-fold; Grantham, 1974).
The class 9 isolate from Coffs Harbour does not contain this 
replacement but differs from class 8 at two other sites, Leu—»Val at 
position 388 and Ser—»Ala at position 487. Both replacements are in 
regions of uncertain hydropathy and the former is non-conservative for 
size and the latter is non-conservative for polarity, hydrophobicity 
and secondary structure. Thus either replacement might cause some 
conformational changes to EST6. The Ser—»Ala at position 487 also 
disrupts a potential N-linked glcosylation site (Section 1.4.5), but 
it is not known if this site is actually glycosylated, and if it is, 
what the structure of the glycan is.
The Ser—»Ala at position 487 above, together with a Thr—»Ala at 
position 247, also distinguishes class 7 from class 8. Properties for 
which the Ser—»Ala at position 487 is non-conservative were listed 
above. The Thr—»Ala at position 2 47 lies in a hydrophilic region
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likely to be on the surface of EST6 but is non-conservative for 
polarity and so could also affect EST6 protein conformation. That 
this replacement increases the electronegativity of EST6 is likely 
since the occurrence of the replacement at 487 in the class 9 isolate 
above would indicate that any electrophoretic effects of the latter 
replacement may be in the opposite direction.
The class 6 isolate contains four replacements, Asn—»Asp at 
position 237 and Thr—»Ala at position 247, already discussed, plus 
Phe—»Leu at position 27 9 and Arg—»Lys at position 471. The Phe—»Leu at 
position 279 is conservative for all physicochemical properties 
previously considered and lies in a hydrophobic region likely to be in 
the EST6 protein interior. The Arg—»Lys at position 471 is also in a 
hydrophobic region and is more likely to affect conformation and 
mobility because it is also non-conservative for hydrophobicity and 
secondary structure. That one or more of the replacements at 247, 279 
and 471 do affect mobility can be inferred from the fact that the 
fourth replacement in class 6, the Asn—»Asp at position 237, is 
associated with a large charge difference and is otherwise diagnostic 
of EST6-F lines (Section 3.3.3.1, above). Thus, it is likely that one 
or more of the other three replacements in class 6 work against the 
effects of the Asn—»Asp at position 237, reducing mobility to such an 
extent that class 6 is classified as a small EST6-S mobility variant 
by electrophoresis. Of these other three replacements, the Thr—»Ala at 
position 247 may be the least likely to cause this effect because it 
was implicated in class 7 above as being responsible for a mobility 
difference in the opposite direction. Furthermore, the non­
conservative properties of Arg—»Lys at position 471 suggest that it is 
more likely to work against the mobility difference due to the Asn—»Asp 
at position 237 than the conservative Phe—»Leu at position 27 9.
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It is appropriate to consider class 10 (EST6-U) in conjunction 
with class 6 because of their high overall sequence similarity 
(Table 7 and Figure 10). Class 10 contains three of the four 
replacements found in class 6, the exception being the highly 
conservative Phe-»Leu at position 27 9. In addition, the non­
conservative Cys—»Tyr at position 514 is unique to class 10. The 
latter replacement is non-conservative for size and polarity. More 
importantly, it also results in the loss of a disulphide bridge, to 
which the cysteine residue was crucial. There can be little doubt 
that the smeared phenotype of class 10 is due to the loss of this 
disulphide bridge, as such bridges are often associated with the 
stability of the tertiary structure of proteins (Richardson, 1981).
Consider next the small mobility variants within EST6-F, namely, 
classes 3, 4 and 5. These variants segegate for eight amino acid 
polymorphisms, of which six are unique to EST6-F isolates. Three of 
these eight actually segregate between the two isolates of the common 
EST6-F electromorph (class 4), and these will be discussed further in 
Section 3.3.3.3 below. Class 5 shares one of these three, Thr-»Leu at 
position 3, plus three others unique to itself, Ile—»Thr at position 
335, Glu—»Asp at position 342 and Tyr—»His at position 350. It is 
presumably one or all of these last three which cause the mobility 
difference between class 5 and class 4, and given their proximity to 
one another in the primary sequence, the possibility of some 
interaction between the three replacements cannot be dismissed. The 
Tyr-»His at position 350 lies in a clearly hydrophilic region of the 
hydropathy plot and is conservative for all physicochemical and 
secondary structure properties analysed. However, the Ile—»Thr at 
position 335 lies in a region of uncertain hydropathy and is non­
conservative for size and polarity, while the Glu—»Asp at position 342 
lies in a hydrophobic region likely to be in the EST6 protein interior
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and is non-conservative for size. Either of these latter two 
replacements are thus the most likely to affect conformation so as to 
bring about the observed electrophoretic difference between classes 4 
and 5 .
Class 3 differs from class 4 by the absence of three replacements 
found in the class 4 isolates and in the presence of two additional 
replacements unique to itself, Ser—»Ala at position 53 and Glu—»Asp at 
position 373. As with the class 5 polymorphisms, there are several 
aspects of these replacements which could lead to conformational and, 
in turn, mobility differences. The three replacements within class 4 
are discussed in section 3.3.3.3 below. Of the two unique to class 3, 
the Ser—»Ala at position 53 lies in a hydrophilic region and is non­
conservative for polarity, hydrophobicity and secondary structure, 
while the Glu—»Asp at position 373 also lies in a hydrophilic region 
and is non-conservative for size.
To summarise, the number of amino acid polymorphisms segegating 
makes it impossible to determine which of several amino acid 
replacements may be responsible for some of the small mobility 
differences. However, with one exception, all these variants are 
distinguished by at least one amino acid with non-conservative effects 
on some physicochemical or secondary structural property. Even the 
exception, Asn—»Ser at position 498, characteristic of the class 9-US 
isolate, still involves a two-fold difference in side chain molecular 
volume that may well be significant if the replacement is situated 
within EST6. This author therefore concludes that all small mobility 
differences analysed involve amino acid replacements with the 
potential to alter electrophoretic mobility through effects on the
conformation of EST6.
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3.3.3.3 Amino acid polymorphisms and electrophoretically 
cryptic variation
Two different isolates have been sequenced for each of three 
electrophoretic classes. Some discussion of these "replicate" 
isolates was given above but this section presents a more explicit 
comparison.
The two isolates of class 8, one from America and one from Coffs 
Harbour, have identical amino acid sequences, despite being extracted 
from populations on different continents.
The two class 9 isolates, also from different continents, differ 
by three amino acid polymorphisms. The class 9-US carries an Asn-»Ser 
at position 498, while the class 9 from Coffs Harbour has Leu—»Val at 
position 388 and Ser—»Ala at position 487. All three replacements are 
in regions of uncertain hydropathy. As was discussed above, the 
Asn—»Ser at position 498 in class 9-US is relatively conservative for 
physicochemical and secondary structure properties analysed. Of the 
two changes in class 9 from Coffs Harbour, the Leu—»Val at position 388 
is non-conservative for size, while the Ser—»Ala at position 487 is 
non-conservative for polarity, hydrophobicity and secondary structure 
and also disrupts a potential N-linked glyccsylation site. As pointed 
out in the previous section either or both of the latter replacements 
must affect conformation so as to distinguish the mobility of the 
Coffs Harbour class 9 from class 8, but leave it indistinguishable 
from class 9-US.
The Leu—»Val at position 388 and Ser—»Ala at position 487 also 
differ between the 4a and 4b isolates. However, in this comparison 
they are found separately in the two isolates rather than together, as 
in class 9 above. The 4b isolate has Leu—»Val at position 388 while 
the 4a isolate has Ser—»Ala at position 487, as well as a Thr—»Ile at 
position 3. The latter replacement is non-conservative for size and
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polarity. Now the evidence above for class 9 from Coffs Harbour, 
containing both the replacements at 388 and 487, indicates that either 
one, but not necessarily both of these replacements must affect 
mobility. The additional evidence from the indistinguishable 
mobilities of 4b, containing the replacement at 388, and 4a, 
containing the replacements at 3 and 487, can be interpreted in two 
ways. First, the mobility of class 9 may reflect interaction(s) of 
the 388 and/or 487 replacements with each other or with some other 
residue(s) present in class 9 but not class 4 (for example those at 
positions 237 and 247), with neither the 388 or 487 replacements 
otherwise affecting mobility. Secondly, the replacement at 388 may 
decrease mobility in both the class 9 and 4b isolates with either or 
both the replacements at 3 and 487 having similar effects in the 4a 
isolate.
Thus the evidence from the comparisons of the replicate class 4 
and class 9 isolates is that EST6 proteins with indistinguishable 
electrophoretic mobilities may nevertheless differ in amino acid 
sequence. Importantly however, the evidence from the two class 9 
isolates at least suggests, not that the amino acids involved do not 
affect mobility, but rather that a particular mobility state can be 
achieved by different amino acid replacements.
3.3.4 Possible phylogenetic relationships among 
electrophoretic classes
Figure 10 presents the sequence similarities among the 13 
isolates in the form of two phenetic "trees", one based on amino acid 
differences only and the other based on all nucleotide differences. 
(The class 9-US sequence is excluded from the latter tree as only its 
cDNA sequence is known). The phenetic trees were generated using an 
unweighted pair group matrix analysis (Sneath and Sokal, 1973) and the
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a) Amino acid
replacements
8-US 
8 
2
9-US
9
1
4b
3
4a
7
6
10
5
b) All nucleotide 
substitutions
9.7
9.8
11.8
12.9
16.7
19.0
21.7
7.0
2.0
2.0
8-US 
8 
2 
6
10
7
9
1
4b
3
4a
5
Figure 10. Fhenograms comparing Est6 isolates on the basis of:
a) amino acid replacement differences only; and
b) all nucleotide differences.
Methods for the construction of these trees are given in the text 
(Section 3.3.4). The node scores (given next to each node) show the 
average number of differences between any two branches in the trees. 
US-9 was not included in b) as its sequence is not fully described 
(Section 3.2.1)
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algorithm of Smith (1987) . Such phenetic trees can be used to suggest 
the phylogenetic relationships among sequences (Aquadro et al., 1986; 
Collet et al., in prep.). However, it is admitted that classical 
concepts of phylogeny do not apply strictly to intra-specific sequence 
comparisons, because recombination events may obscure the 
relationships between sequence differences and divergence times.
The tree for amino acid replacements only shows two major 
branches and these broadly correspond to the two major electrophoretic 
groupings. One major branch consists of four EST6-S isolates (two 
each from classes 8 and 9) as well as EST6-F' (class 2, which only 
differs by one replacement from class 8). The other major branch 
consists of three EST6-F isolates (class 3 and both isolates from 
class 4) as well as EST6-VF (class 1), EST6-U (class 10) and two 
EST6-S classes (6 and 7). The remaining EST6-F isolate (class 5) is 
an outlier to all the other sequences.
The tree for all nucleotide substitutions differs in some 
respects from that for the amino acid substitutions only. Once again 
the class 5 isolate is an outlier but now the dichotomy among the 
other isolates is less clear. While there is still some evidence for 
a major group including the EST6-S and EST6-F' isolates, considerable 
sequence divergence is now evident among the remaining isolates and in 
particular isolates 3 and 4a.
The evidence from this tree for greater sequence variation among 
the EST6-F isolates is confirmed by comparisons of the amounts of 
polymorphism and average heterozygosities in the EST6-F (3, 4a, 4b and 
5) and EST6-S (6, 7, 8 and 9) groups for the Coffs Harbour population. 
Table 11 shows that there is significantly more non-coding variation 
in the EST6-F group than in the EST6-S group (32 to 14 polymorphisms 
or 6.7% to 2.9% respectively; = 7.04, P < 0.01). However, the 
levels of coding variation are about equivalent in the two groups
2(8 to 6 polymorphisms or 0.6% to 0.5% respectively; Xi = 0.29, ? > 
0.05) .
Average heterozygosities (Table 11) also show the EST6-F group to 
be more variable for non-coding nucleotide substitutions than the 
EST6-S group (2.6% to 1.2% respectively). Average heterozygosities 
for coding substitutions were equivalent in the two major 
electrophoretic groups (0.2% in each), which is again consistent with 
the results for the amounts of polymorphism.
Both the evidence of some clustering for the two major groups of 
electrophoretic variation from the amino acid tree, and the greater 
level of non-coding variation in the major EST6-F group in the 
calculations above, are consistent with high overall levels of gametic 
disequilibrium among the 52 nucleotide polymorphisms that occur for 
the Est6 locus. However, further quantitative treatment of this 
gametic disequilibrium is inappropriate in view of the relatively 
small number of isolates compared. The power of analyses of haplotype 
diversity (h, Aquadro et al., 1986) and gametic disequilibrium (D', 
Lewontin, 1964) depends critically on sample size and, even including
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FAST
Number of 
Nucleotide 
Sites Compared
Number of 
Poly­
morphisms
% Polymorphism 
+ s . e.
% Average 
Heterozygosity 
+ s . e .
NON-CODING 480 32 6.7 + 1.1 2.6 + 0.4
CODING 1274 8 0.6 + 0.2 0.2 + 0.1
SLOW
NON-CODING 480 14 2.9 + 0.8 1.2 + 0.3
CODING 1274 6 0.5 + 0.2 0.2 + 0.1
Table 11. Comparison of levels of polymorphism among EST6-F (3, 4a, 
4b, 5) and EST6-S (6, 7, 8, 9) isolates from Coffs Harbour. The non­
coding category includes the 5' untranslated region, the intron, the 
3' untranslated region and all silent sites. The coding category 
includes amino acid replacement polymorphisms in both exons.
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the two US isolates, the sample size for Est6 is only 13. In this 
sample even the most extreme associations observed, for example 
D' = -0.44 between the nucleotide polymorphisms at positions 910 and 
966 and D' = -1.0 between those at 802 and 1145, are not statistically 
significant (P = 0.29 and P = 0.39, respectively). Therefore, as in 
the study of Kreitman (1983) which involved eleven sequences, no 
further formal analyses of D' values or haplotype diversity will be 
presented here.
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3.4 DISCUSSION
3.4.1 Amino acid sequence conservation in esterase-6
The significantly greater proportion of non-coding to coding 
polymorphism in Est6 indicates that natural selection is acting to 
conserve the EST6 amino acid sequence (Section 3.3.1; Table 8).
Silent polymorphisms in the two exons are nearly seven times more 
common than polymorphisms involving amino acid replacements.
Assuming that the rates of mutation at silent and replacement sites in 
the coding sequence have been equivalent, then purifying selection has 
acted to remove substantial amounts of amino acid polymorphism from 
EST6 .
The 16 amino acid polymorphisms found represent more amino acid 
polymorphism than is necessary to explain the electrophoretic 
variation and undoubtedly even further variation would be uncovered if 
more isolates were sequenced. Theoretically, if recombination 
occurred freely among all 16 amino acid polymorphisms then 2 ^  
haplotypes could be segegating for EST6. Clearly strong gametic 
disequilibrium can be expected, and is evident, among the various 
polymorphisms, so the actual number of EST6 amino acid replacement 
haplotypes segregating in D. melanogaster will be much less. 
Nevertheless the number of EST6 haplotypes is considerably greater 
than the number of EST6 electromorphs, even as detected by the high 
resolution cellulose acetate electrophoresis used in this thesis.
This is clearly indicated by the fact that the "replicate" isolates 
for each of classes 4 and 9 differed from each other by three amino 
acid replacements. As a corollary, the high level of amino acid 
polymorphism confirms the evidence for large numbers of EST6 
haplotypes from the previous chapter, in which it was pointed out that 
the ten electrophoretic classes found bore little relation to six EST6
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variants that were resolved by thermostability criteria (Table 5; 
Cochrane and Richmond, 1979a).
Two explanations have been advanced to account for high levels of 
protein polymorphism. The first proposes that most amino acid 
polymorphisms are insignificant to protein structure and function and 
are neutral with respect to natural selection (Kimura, 1983). The 
second proposes that fundamental differences occur between the allelic 
forms of most polymorphic proteins and that these differences are 
acted upon by natural selection, such that alternative alleles are 
maintained at stable polymorphic frequencies in the population (Clarke 
1975; Lewontin, 1974).
Lewontin (1985; Section 1.2.1) combined both proposals by 
suggesting that balancing selective forces may operate on most major 
axis polymorphisms, in which a small number of alleles (two or three) 
segregate at relatively high frequencies. Conversely however, he 
proposed that most minor axis polymorphisms, in which many alleles are 
segregating at relatively low frequencies, are more likely to be 
neutral to natural selection. He originally invoked the major/minor 
axis dichotomy in the context of electrophoretic variation but in the 
discussion below this concept has been extended to consider the amino 
acid polymorphisms underlying the EST6 electrophoretic variation.
Eleven of the 16 amino acid replacements for EST6 occur at 
relatively low frequency and classify as minor axis amino acid 
polymorphisms. Ten of these are each restricted to a single isolate 
from a low frequency electromorph, while the other one (Arg—»Lys at 
position 471) occurs in two isolates, but both of these isolates are 
from low frequency electromorphs (1% each in the Coffs Harbour 
sample). The remaining five amino acid replacements are relatively 
common and classify as major axis amino acid polymorphisms. Each of 
these replacements occurs in two or more isolates from different
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relatively common electromorphs. These five polymorphisms are;
Thr—»Ile at position 3, Asn—»Asp at position 237, Thr—»Ala at position 
247, Leu—»Val at position 338 and Ser—»Ala at position 487.
Combining the data on the distribution of the amino acid 
replacements across electromorphs with the frequencies of the 
respective electromorphs in the Coffs Harbour sample (Table 10), then 
the five major axis amino acid polymorphisms would have frequencies 
between 14% and 38% in the Coffs Harbour sample. The ten minor axis 
amino acid polymorphisms found in Coffs Harbour would have frequencies 
between 1% and 4%. The final minor axi3 polymorphism, Asn—»Ser at 
position 498, was only found in the class 9-US isolate. However, its 
classification as a minor axis polymorphism would seem to be justified 
by its absence from the Coffs Harbour class 9 isolate and the 
consistently low frequency of class 9 at Coffs Harbour and in three 
other Australian populations recently scored for EST6 variation by 
high resolution cellulose acetate electrophoresis (A. Bortoli, pers. 
comm., and see below).
3.4.2 Major axis amino acid polymorphisms
Two major axis amino acid polymorphisms are strongly associated 
with the major EST6-F/EST6-S electrophoretic mobility difference. The 
first is Asn—»Asp at position 237, which is associated with a large 
charge difference, and which is presumably responsible for the major 
mobility difference. The second, Thr—»Ala at position 247, occurs only 
ten residues distant from the first and its distribution across the 
sequenced isolates is highly correlated with that of the first. Both 
replacements are found in all four EST6-F isolates sequenced but are 
rare in the EST6-S variants. The Asn—»Asp at position 237 only occurs 
in one low frequency EST6-S isolate (class 6, 1%) whose sequence is 
more similar to the EST6-F group anyway. The Thr—»Ala at position 247
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occurs in two EST6-S isolates, but both are relatively uncommon small 
mobility difference variants (class 6 above and class 7 (.6%) ) .
None of the other three major axis amino acid polymorphisms 
involve large charge differences, are as frequent, or show such strong 
association with the EST6-F/EST6-S electrophoretic difference. Two, 
leu—»Val at position 38 8 and Ser—»Ala at position 487 segregate within 
both major mobility groups (isolates 4b and 9 and isolates 4a, 7 and 
9, respectively) . The third, Thr—>Ile at position 3 is not found in 
any EST6-S isolates, but it also only occurs in two EST6-F isolates 
(4a and 5).
3.4.2.1. Two major axis amino acid polymorphisms and the Est6-F/Est6-S 
difference
It is therefore concluded that the Asn—»Asp at position 237 and 
the Thr—»Ala at position 2 47 are the two replacements most likely to 
explain the observed biochemical differences between EST6-F and 
EST6-S, and to be the targets for the selection suggested by the 
latitudinal dines in Est6-F and Est6-S frequencies. However, it is 
admitted that the arguments against the involvement of the other three 
major axis amino acid polymorphisms rest on relatively small sample 
sizes. With respect to the possible targets of selection, the 
possibility is also recognised that the polymorphisms at 237 and 247 
may simply act as markers for other nucleotide substitutions outside 
the sequenced region which may be the primary targets for selection.
A further complication is that the strength of the association 
between the polymorphisms at 237 and 247 (ten residues apart) make it 
impossible on the present data to distinguish the separate effects of 
these two replacements with respect to their biochemical properties 
and their adaptive significance. Even without invoking any epistatic 
effects of these two polymorphisms on EST6 function and fitness, the 
strong gametic disequilibrium between them due to their close
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proximity to each other should ensure that their population dynamics 
will be highly correlated through long periods of evolutionary time.
The biochemical evidence reviewed in Section 1.4.4.1 indicates 
that the major biochemical differences between EST6-F and EST6-S lie 
in their thermostability and kinetic properties with respect to 
various substrates and inhibitors. The thermostability differences 
suggest a difference in conformational stability and the kinetic 
differences suggest that the active site is affected. Some effects of 
the two replacements on the structure of EST6 are suggested by the 
non-conservative nature of the Asn—»Asp at position 237 for secondary 
structure and the Thr—»Ala at position 247 for polarity, and of these, 
the effect on secondary structure seems the more likely to affect the 
conformation of EST6. It is also noteworthy in this respect that both 
replacements are near a disulphide bridge (between cysteine residues 
240 and 252) and a disulphide bridge is known to occur in the active 
site of many serine proteases (Young et al., 1978) . EST6 shows little 
overall sequence similarity to the serine proteases but there is 
evidence for a similar active site and catalytic mechanism (Myers et 
al., 1988; Section 1.4.5)
In the context of the 237 and 247 replacements being possible 
targets for selection, it is relevant to consider the likely relative 
"ages" of the various EST6 amino acid haplotypes. Both the phenetic 
trees and the higher levels of non-coding variation within the EST6-F 
group suggest that it is ancestral to the EST6-S group. In 
particular, no nucleotide substitutions were detected between the two 
class 8 isolates from different continents, despite the high level of 
variation among the remaining classes. This suggests that class 8 in 
particular may be a relatively recent haplotype. Preliminary results 
from high resolution cellulose acetate electrophoresis of samples from 
three more Australian populations (A. Bortoli, pers. comm.) also
107
indicate that class 8 is the only Est6-S variant whose frequency 
consistently varies with latitude. The complementary frequency 
changes in the Est6-F group are not especially dominated by any one of 
the Est6-F variants. These results would further suggest that the 
haplotype under selection is class 8.
In this context it is also relevant to recall that the 
latitudinal dines in Est6-F/Est6-S frequencies also occur in D. 
simulans (Anderson and Oakeshott, 1984) . This suggests that the 
primary targets for selection are shared by the two species. An 
important hypothesis to test is therefore that the class 8 haplotype 
and in particular the Asn—»Asp at position 237 and the Thr—»Ala at 
position 247 also occur in D. simulans.
It is especially important to consider the implications of the 
shared frequency dines if the primary target of selection is not the 
replacement at 237 presumed to cause the EST6-F/EST6-S mobility 
difference. The D. simulans sequences should indicate whether the 237 
replacement and the selected polymorphism arose prior to the D. 
melanogaster/D. simulans speciation event (5-10 million years ago; 
Easteal and Oakeshott, 1985). If the same amino acid variation is 
responsible for the dines in the two species and it is not the 
replacement at 237, then strong gametic disequilibrium must have been 
maintained between 237 and the adaptively significant amino acid 
replacement ever since. Such persistent disequilibria would require 
very strong epistatic interactions and/or very close genetic linkage 
between the two polymorphisms. On the latter point, if the 237 
replacement is not itself of adaptive significance, then the best 
candidate for the selected polymorphism among the others identified is
clearly the Thr—>Ala at position 247.
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3.4.2.2 Three major axis amino acid polymorphisms and esterase—6 
thermostability variation
Consider now the three remaining major axis amino acid 
polymorphisms, Thr—»Ile at position 3, Leu—»Val at position 388 and 
Ser-»Ala at position 487. Evidence presented in Sections 3.3.3.2 and
3.3.3.3 indicated that small mobility differences are caused by either 
or both the replacements at 388 and 487 and possibly also by the 
replacement at 3. Interestingly however, all four EST6-F group 
isolates sequenced, including the two replicates of class 4, differed 
in their haplotypes for these three polymorphisms. Moreover, three of 
the EST6-S group isolates sequenced did so as well, and again 
different haplotypes were found in "replicate" isolates of the same 
electromorph (class 9's). Thus these three amino acid replacements 
generate considerable haplotype diversity and not all the haplotypes 
differ in electrophoretic mobilities.
In the context of explaining the contribution of some of the 
haplotypes to small mobility differences, it was pointed out in 
Sections 3.3.3.2 and 3.3.3.3 that all three amino acid replacements 
are associated with differences in physicochemical or secondary 
structure properties which might lead to differences in the structure 
or function of the EST6 protein. Thr—»Ile at position 3 is non­
conservative for size and polarity, the Leu—»Val at position 388 is 
non-conservative for size and the Ser—»Ala at position 487 is non­
conservative for polarity, hydrophobicity and secondary structure.
Thus the molecular properties of all three of these replacements, but 
especially the Ser—»Ala at position 487, are such that they could 
result in biochemical differences between allozymes. Since the only 
known biochemical variants cf EST6 other than the electromorphs are 
the thermostability variants of Cochrane and Richmond (1979a), this 
author therefore proposes that some of the haplotypes generated by
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these three amino acid replacements indeed correspond to the 
thermostability variants.
Cochrane and Richmond (1979a) found four thermostability variants 
segregating within EST6-F and three within EST6-S (Section 2.3.5). 
These variants are not detected by standard electrophoretic procedures 
and those within the class 4 isolates at least are not detected by the 
high resolution cellulose acetate electrophoresis either. Conclusive 
evidence that some haplotypes generated by the replacements at 
positions 3, 388 and 487 do correspond to thermostability variants 
must await the sequencing of known thermostability variants. However, 
at this stage it can at least be stated that these three amino acid 
replacements appear to be the only ones in the present sample which 
not only generate some electrophoretically indistinguishable 
haplotypes but which also are sufficiently common to account for the 
observed thermostability variation.
In Chapter 2 (Section 2.3.5) one intriguing exception was noted 
to the overall lack of correspondence between the electromorphs and 
the thermostability variants. Only three EST6-S lines of known 
thermostability phenotype were available for high resolution 
electrophoresis, one for thermostability variant EST6-S1 and two for 
thermostability variant EST6-S2. The EST6-S1 line was found to be in 
electrophoretic class 9 while both EST6-S2 lines were in the 
electrophoretic class 8. Interestingly, the two class 8 isolates 
sequenced also had identical haplotypes for the replacements at 3, 388 
and 487 (although the two class 9 isolates had different haplotypes). 
Moreover, EST6-S2 is the most common thermostability variant (51%—58% 
frequencies in four American populations; Cochrane and Richmond,
1979a), just as class 8 is the most common high resolution 
electrophoretic variant (40%-70% in four Australian populations; 
Section 2.3.1 and A. Bortoli, pers. comm.). While none are
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individually conclusive, there are thus several lines of evidence 
which suggest that the EST6-S2 and class 8 variants may be identical. 
Clearly electrophoretic and sequence analysis of additional EST6-S2 
lines is a high priority for further research.
A further point raised in Section 2.4 concerning the 
thermostability variation was that amino acid polymorphisms underlying 
the thermostability differences might be more likely to reside in the 
interior of the EST6 molecule where they could affect conformational 
stability and in addition remain electrophoretically undetected. The 
contribution to small electrophoretic differences of all three 
replacements implicated in the thermostability variation is uncertain 
(Section 3.3.3.3). Furthermore, Leu—»Val at position 388 and Ser—>Asn 
at position 487 are in uncertain regions of the hydropathy plot while 
the Thr—»Ile at position 3 is in a hydrophilic region associated with 
the EST6 surface. However for the latter replacement its designation 
by hydropathy may be mitigated against by its position at the amino 
terminus of EST6. Thus the question of whether thermostability 
variation is associated with amino acid replacements within EST6 must 
await more detailed biochemical analysis of the replacements 
themselves and their accurate locations in the tertiary structure (for 
example, by X-ray crystallography).
It remains to consider the possible fitness effects of the 
polymorphisms at positions 3, 388 and 487 and the haplotypes they 
generate. The non-conservative nature of these three amino acid 
polymorphisms with respect to physicochemical and secondary structure 
properties suggests that they may produce functional differences in 
the EST6 protein which may be of adaptive significance. However, this 
author is unaware of any laboratory experiments comparing the 
fitnesses of known EST6 haplotypes for these three polymorphisms, or 
even in fact of known thermostability phenotypes. Nevertheless, if
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the EST6-S2 variant does indeed correspond to the class 8 
electromorph, and given the evidence of A. Bortoli (pers. comm.) that 
class 8 is the only high resolution electromorph to underlie the 
latitudinal dines for the major mobility variants, then this 
thermostability variant would at least seem to differ from others in 
its selective significance.
Finally on the question of fitness effects, and whatever their 
relationships to the thermostability and small mobility differences, 
the presence of the replacements at 3, 388 and 487 at relatively high 
frequencies in the Coffs Harbour population suggests that they may 
have been segregating in many of the laboratory stocks used to compare 
the biochemical, physiological, behavioural or fitness effects of 
EST6-F and EST6-S (Section 1.4.4). To the extent that these amino 
acid polymorphisms themselves affect such characters, they could 
explain some of the discepancies between the laboratory studies 
comparing EST6-F and EST6-S.
3.4.3 Minor axis amino acid polymorphisms
Lewontin et al. (1978) have pointed out that the mathematical 
conditions for maintaining a stable polymorphism involving several 
alleles by heterozygote advantage are extremely restrictive. Lewontin 
(1985) therefore suggested that heterozygote advantage is unlikely to 
apply to many minor axis polymorphisms. There are essentially three 
alternative explanations for the eleven minor axis amino acid 
polymorphisms in EST6. The first is that the polymorphisms are 
maintained by balanced selective forces involving variable selection 
coefficients, for example temporally or spatially varying selection 
pressures (Gillespie, 1979) or frequency dependent selection (Clarke 
and Allendorf, 1979). The second is that the replacements are subject 
to selective forces but of a directional rather than a balancing
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nature, and that the polymorphisms are therefore transient (Ohta,
1973, 1974) . The third explanation is that the minor axis amino acid 
polymorphisms are neutral to natural selection (Crow and Kimura,
1970) .
With respect to the first explanation, there is little direct 
evidence relevant to possible selective forces acting on the minor 
axis amino acid polymorphisms. However, at least with respect to 
major axis amino acid polymorphisms, the evidence of the latitudinal 
dines for Est6-F and Est6-S indicates that selection coefficients do 
vary, at least cn a macro-geographic scale. While the mechanisms 
underlying this large-scale variation have not been elucidated, it was 
pointed out in Sections 1.4.3 and 1.4.4.3 that it is likely to involve 
the re-mating behaviour and productivity of females inseminated by 
males of differing EST6 phenotype. It is reasonable to expect that 
the selective premium on these traits will vary, for example according 
to population densities on a micro-geographic scale as well. It is 
also important to recall here that there is substantial evidence for 
frequency dependent selection among Est6-F and Est6-S genotypes in 
laboratory populations of D. melanogaster (Section 1.4.4.3). Thus 
explanations for the minor axis amino acid polymorphism that invoke 
balancing selection due to variable selection coefficients cannot be 
dismissed.
With respect to the second and third explanations, that the minor 
axis amino acid polymorphisms are subject to directional selection, or 
are selectively neutral, the critical statistic for a widely migrating 
species such as D. melanogaster (Coyne et al., 1982; Slatkin, 1985) is 
the effective species size (N^). Unless the directional selection 
coefficients are larger than the mutation rate (|I) or 1/N^, then the 
fate of the replacements in question will be largely determined by 
stochastic processes (Crow and Kimura, 1970) . Kreitman (1983)
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estimated for D. melanogaster from his sequence data for the ADH 
polymorphism using the relationship:
Ne - k/4SHs,
where S = 1 + 1/2 + 1/3 +.... 1/r-l (Ewens, 1979).
The quantity k is the number of silent sites segregating among the r 
isolates sequenced and jlg is the silent site mutation rate. The value 
of is taken to be one third the replacement site mutation rate, 
which has been estimated for several soluble Drosophila proteins at 
about 10  ^per generation (Mukai and Cockerham et al.r 1977; Voelker 
et al., 1980b).
Kreitman's (1983) estimate of Nq for D. melanogaster was about 
3.3 x 10^. Application of the same formula to the EST6 data yields 
estimates of 7.4 x 10^ from the Coffs Harbour variation alone (and 7.0
gx 10 when the two American sequences are included as well). Thus 
there is a broad agreement between the estimates of species size from 
the two loci, and even at the lower estimate based on ADH it is 
apparent that directional selection coefficients of the order of 10  ^
or greater will be effective in establishing monomorphism for the 
variants in question.
On the other hand, both the infinite sites model (Crow and 
Kimura, 1970) and the stepwise mutation model (Ohta, 1973; Ohta and 
Kimura, 1973) would predict that some selectively neutral 
polymorphisms might occur for EST6 if the the effective species size 
is of the order 3-7 x 10 . The effective number of neutral alleles 
segregating in the species, nQ, has been estimated as:
n = 1 + 4N jl e e'r
for the infinite sites model (Crew and Kimura, 1970) .
Again assuming jl = 10 the model estimates ng = 14 if Ng = 3.3 x 
10^ (Kreitman, 1983) or 29 if Ng = 7 x 10^ (this study). (Similar 
values are obtained with the formula of Ohta and Kimura (1973) for the
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stepwise mutation model, although this model seems less appropriate to 
nucleotide sequence data than the infinite alleles model of Crow and 
Kimura (1970)) . These values must be interpreted with caution because 
it is unclear, for example, how the assumptions of the models relate 
to amino acid versus haplotype differences. Nevertheless, it would 
seem theoretically possible that at least some of the amino acid 
polymorphism and haplotype diversity for EST6 could be selectively 
neutral.
The two explanations against which to consider the 
physicochemical and secondary structural properties of the minor axis 
EST6 amino acid polymorphisms are thus on the one hand balancing 
selection due to variable selection coefficients and on the other 
selective neutrality. These two explanations are first considered in 
terms of a general comparison of the physicochemical and secondary 
structural effects of the minor versus major axis amino acid 
polymorphisms. Then the two explanations are assessed more 
specifically against the likely functional effects of particular minor 
axis amino acid polymorphisms.
The overall conclusion from a general comparison of the two 
categories of polymorphism against the criteria of Dayhoff et al.
(1972) and Taylor (1986) is that the minor axis amino acid 
polymorphisms are no less likely to affect the function of EST6 than 
the major axis amino acid polymorphisms. Indeed Table 12 shows that 
more- (4/11 replacements as opposed to 0/5), albeit not significantly 
more (P = 0.18, on Fisher's exact test) of the minor than the major 
axis replacements fall into the very non-conservative («expected) or 
borderline (=expected) groups of Dayhoff et al. (1972) . Comparison of 
the proportions of conservative replacements according to the three 
physicochemical properties of Taylor (1986) or the predicted effects 
on secondary structure (Gamier et al., 1978) likewise reveals no
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Aaa POS
DAYHOFF
GROUP SIZE POLARITY
HYDRO­
PHOB.
SEC. 
STRUCT. HYDROPATHY
Asn —» Asp 237 »exp Con Con Con Non-c Surface
Thr -> Ala 2 47 »exp Con Non-c Con Con Surface
Thr -> lie 3 >exp Non-c Non-c Con Con Surface
Leu -» Val 388 >exp Non-c Con Con Con 7
Ser — > Ala 487 »exp Con Non-c Non-c Non-c 7
Ser —* Ala 53 »exp Con Non-c Non-c Non-c Surface
Arg —> Trp 150 «exp Con Con Non-c Con 7
Phe —> Leu 27 9 >exp Con Con Con Con Interior
lie —> Thr 335 >exp Non-c Non-c Con Con 7
Glu —» Asp 342 »exp Non-c Con Con Con Interior
Tyr His 350 =exp Con Con Con Con Surface
Lys —» Met 3 61 =exp Con Non-c Con Con Surface
Glu —> Asp 37 3 »exp Non-c Con Con Con Surface
Arg —» Lys 471 »exp Con Con Non-c Non-c Interior
Cys —> Tyr 514 «exp Non-c Non-c Con Con 7
Asn —» Ser 4 98 »exp Con Con Con Con 7
Table 12. Summary of the measures of conservation for the 16 amino 
acid replacements in EST6 and their probable locations with respect to 
the EST6 surface and interior by the hydropathy analysis. For Dayhoff 
groups, exp = expected; for the physicochemical properties, Con = 
conservative; Non-C = non-conservative. The five replacements shown 
in the top section of the table are major axis amino acid 
polymorphisms in the Coffs Harbour population and are in turn 
subdivided by the dashed line into those two differentiating the 
common EST6-F class 4 from the common EST6-S class 8 and the three 
that may result in thermostability variation. The ten in the 
following section are minor axis amino acid polymorphisms.
Information for the single minor axis polymorphism in class 9-US is 
shown at the bottom of the table.
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greater levels of conservation for minor rather than major axis 
polymorphisms (7/11 versus 3/5 conservative for size, 7/11 versus 2/5 
for polarity, 8/11 versus 4/5 for hydrophobicity and 9/11 versus 3/5 
for secondary structure).
The hydropathy analysis also provided some evidence, although 
again not statistically significant, that the minor axis polymorphisms 
are more likely to be in the hydrophobic regions in the interior of 
the EST6 protein (3/11 versus 0/5, P = 0.29 on Fisher's exact test). 
Comparisons among related forms of other proteins suggest that 
replacements in the interior of proteins are more likely to alter 
conformation and function than those on protein surfaces (Ramshaw et 
al., 1979; Craik et al., 1982; Craik et al., 1983) .
The evidence from overall comparisons of physicochemical and 
secondary structure effects of the two classes of replacement thus 
provide no evidence to suggest that the minor axis polymorphisms are 
less likely to affect EST6 function and fitness than the major axis 
polymorphisms.
The critical information required to assess the functional 
significance of the minor axis polymorphisms is their relationships to 
functionally important regions of the EST6 protein. Without X-ray 
crystallographic analyses, this information is clearly limited for 
EST6. However, just as with the major axis polymorphisms, some 
inferences are possible for individual minor axis polymorphisms.
In particular, the Cys—>Tyr at position 514 (EST6-U) disrupts a 
disulphide bridge and the evidence from the smeared electrophoretic 
phenotype for this electromorph clearly indicates that the 
conformational stability of EST6 has been affected. It is tempting to 
suggest that this variant is indeed a deleterious one, although it was 
shown above that most deleterious mutations would be lost from the 
population. It is noteworthy in this respect that EST6-U was only
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found once in 159 Coffs Harbour alleles analysed (Appendix A) and A. 
Bortoli (pers. comm.) has not found this variant again in a total of 
142 lines from three more Australian populations screened by high 
resolution cellulose acetate electrophoresis. However, there remains 
no direct evidence as yet that the EST6-U variant performs the 
physiological function of EST6 any differently from the other 
variants. Experiments to test this possibility are indeed a high 
priority and further general suggestions on the nature of these 
experiments will be given in Chapter 4.
No other minor axis polymorphism occurs in a region of such 
obvious structural significance. The Asn—>Ser at position 498 is 
relatively close to the cysteine residue at 493 that forms the 
disulphide bridge with the cysteine at 514. The Arg—»Trp at position 
150 is also relatively close (ten residues away) to the aspartic acid 
putatively involved in the active site charge relay, although it lies 
outside the 12 residue region containing this aspartic acid that is 
found to be conserved between EST6 and the cholinesterases (Myers et 
al., 1988). Further interpretation of the possible functional 
significance of these and the remaining minor axis polymorphisms is 
impeded by the lack of more information, not only on their 
physiological effects, but also even as to their effects on in vitro 
biochemical properties. At least the major axis polymorphisms could 
be related to known in vitro kinetic and thermostability differences.
To summarise, general comparisons of the physicochemical and 
secondary structural effects of the minor and major axis amino acid 
polymorphisms provided no evidence to suggest that the minor axis 
replacements were less likely to be subject to selection than the 
major axis replacements. Specific considerations of one minor axis 
replacement indeed suggested that it was unlikely to be neutral to 
selection and may be deleterious. However more definite conclusions
are not possible in the absence of any physiological or biochemical 
information on the functional significance of the minor axis
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polymorphisms.
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CHAPTER 4. GENERAL DISCUSSION
4.1 EFFICACY OF HIGH RESOLUTION CELLULOSE ACETATE ELECTROPHORESIS
The ability of high resolution cellulose acetate electrophoresis 
to detect EST5 variation in D. pseudoobscura compared favourably to 
that of sequential acrylamide electrophoresis (SAGE; Section 2.2.2). 
However, the presence of 16 amino acid polymorphisms in EST6 among the 
13 isolates and ten electrophoretic classes in D. melanogaster 
suggests that this technique still fails to detect a substantial 
proportion of the amino acid haplctypes segregating for EST6 in D. 
melanogaster. For example three amino acid replacements differentiate 
the "replicate" isolates sequenced for each of class 4 and class 9.
Moreover, only five amino acid replacements in EST6 are 
associated with specific electrophoretic differences from class 8,
Arg—»Trp at position 150 (EST6-VF) , Asn—»Asp at position 237 (EST6-F) , 
Lys—»Met at position 361 (EST6-F' ) , Asn—»Ser at position 498 (class 
9-US, but not class 9 from Coffs Harbour) and Cys—»Tyr at position 514 
(EST6-U) and four of these five differences (the exception is class 
9-US) are detected under standard electrophoretic conditions anyway.
It is not possible to associate specific amino acid replacements with 
the remaining five small mobility differences (classes 3, 5, 6, 7 and 
9) because their haplotypes in the sample contain more than one amino 
acid replacement.
Thus the efficacy of SAGE and the electrophoretic procedures used 
here for the detection of amino acid sequence variation at highly 
polymorphic enzyme loci is not as high as might be anticipated from 
the results of the study of human haemoglobin variants by Ramshaw et 
al. (1979). These authors were able to detect individual amino acid 
polymorphisms by their SAGE technique. However, the sample analysed 
by Ramshaw et al. (1979) was deliberately biased in favour of very
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rare haplotypes (generally associated with pathological conditions) 
which each only differed from the reference sequence by single amino 
acid replacements. In contrast, several of the EST6 haplotypes 
analysed here differed from each other and the reference sequence at 
several sites. On average any two of the EST6 isolates differed by 
3.8 amino acids.
Studies of human haemoglobin (Ramshaw et al., 1979) and cetacean 
myoglobin (McLellan, 1984) have shown that large mobility differences 
are generally due to the exchange of basic or acidic residues for 
uncharged residues or vice versa. Three large electrophoretic 
differences in EST6 are clearly due to this type of amino acid 
replacement (Arg-»Trp at position 150, Asn—>Asp at position 237 and 
Lys—»Met at position 361). However, Ramshaw et al. (1979) also 
described amino acid replacements that were charge neutral and 
resulted in mobility differences and they suggested that 
conformational effects were responsible for these electrophoretic 
differences. Two specific situations were analysed by Ramshaw et al. 
(1979), the first of which involved comparisons between variants that 
contained the same replacement at different positions in the primary 
sequence. The second involved comparisons between charge equivalent 
but physicochemically different replacements at the same positions in 
the primary sequence. Most of the small mobility differences found in 
EST6 can similarly be ascribed to conformational affects due to charge 
neutral amino acid replacements. However, as shown by Ramshaw et al. 
(1979) not only small mobility differences arise from charge neutral 
replacements. For example, class 6 was classified as a small mobility 
difference that occurred in the EST6-S group, but sequence homology 
suggests that it is in fact an EST6-F class whose large mobility 
difference from the EST6-F group is due to one or more of three charge 
neutral replacements. Clearly high resolution cellulose acetate
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electrophoretic variation can no longer be viewed in terms of a 
"stepwise" model, in which each mobility state represents an allele 
differentiated from its nearest neighbour by a single amino acid 
replacement involving a basic or acid residue (Ohta, 1973; Ohta and 
Kimura, 1973; Brown et al., 1981).
Thus both SAGE and the present high resolution electrophoretic 
procedures detect more amino acid polymorphism than standard 
electrophoretic techniques but still do not detect all haplotypes at 
highly polymorphic enzyme loci such as EST6. How then might this 
additional variation be detected? In the case of EST6 the screening 
of populations for thermostability variation (Cochrane and Richmond, 
1979a) in conjunction with high resolution electrophoresis may be a 
suitable means for detecting some of the additional haplotypes. 
However, it would first be necessary to determine what relationship 
the thermostability phenotypes have to the known amino acid 
replacements and their haplotypes, and even so, the joint use of the 
two techniques may not define all the haplotypes detected by the 
sequence analyses so far.
An alternative approach might be to use restriction endonucleases 
specific to each nucleotide difference that encodes an amino acid 
replacement. At present seven of the 16 amino acid polymorphisms in 
EST6 can be detected by one or more of the restriction endonucleases 
available today. Eighteen of the 36 non-coding substitutions can also 
be detected. Thus a total of 25 of the 52 nucleotide polymorphisms 
(46%) could be detected requiring the use of 18 restriction 
endonucleases.
Perhaps the most efficient way to define population frequencies 
for the known amino acid variation in EST6 and at the same time 
uncover further variation would be to synthesise new sequencing
primers that could, be used in conjunction with genomic sequencing 
techniques (Scharf et al., 1986).
4.2 COMPARATIVE LEVELS OF POLYMORPHISM IN EST6 AND ADH
The relative amounts of silent and amino acid replacement 
variation in Est6 begs comparison with Kreitman's (1983) precedent 
sequence analysis of eleven Adh isolates in D. melanogaster. The 
total levels of silent and replacement variation for Est6 and Adh in
D. melanogaster are shown in Table 13. The very similar levels of
23ilent polymorphism and heterozygosity in Est6 and Adh (%^  = 0.291;
P > 0.05 for the levels of polymorphism) support the proposition that 
silent sites in the coding sequences of most higher eukaryotes are 
generally not subject to natural selection (Hayashida and Miyata,
1983) .
Higher levels of amino acid polymorphism occur in EST6 compared
to ADH (%^  = 3.39, P < 0.10) and this difference is reflected in the
numbers of both major and minor axis amino acid polymorphisms.
Furthermore, as noted earlier, the difference between the two loci in
numbers of amino acid polymorphisms will result in much greater
2differences in numbers of haplotypes. Whereas only 2 haplotypes can 
be generated from the two amino acid polymorphisms in ADH (those 
differentiating ADH-F and ADH-FChD from ADH-S), could in theory be
generated by the 16 amino acid polymorphisms in EST6.
With regard to major axis electrophoretic polymorphism, both loci 
have just two common major axis electrophoretic classes, Fast and 
Slow. However, in the case of ADH this difference is due to a single 
amino acid replacement (Thr—»Lys at position 192; Kreitman, 1983), 
whereas for EST6 this difference is associated with two amino acid
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replacements in strong gametic disequilibrium with each other (Asn—»Asp
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EST6
Number of 
Nucleotide 
Sites Compared
Number of 
Poly- 
mo rphisms
% Polymorphism 
_+ s . e .
% Average 
Heterozygosity 
+ s . e.
SILENT 361 29 8.0 + 1.4 2.0 + 0.4
REPLACEMENT 1274 16 1.3 + 0.3 0.3 + 0.1
ADH
SILENT 192 13 6.8 + 1.8 2.1 + 0.6
REPLACEMENT 573 2 0.3 + 0.2 0.1 + 0.1
Table 13. Comparison of Est6 to Adh in D. melanogaster for silent and 
amino acid replacement polymorphism and heterozygosity. Only the 
nucleotide sequences for the exons of the two genes have been 
compared. The Est6 polymorphisms are from 13 isolates (11 Coffs 
Harbour isolates and two US isolates from Oakeshott et al., 1987 and 
Collet et al., in prep.). The Adh polymorphisms are from twelve 
isolates, 11 isolates of Kreitman (1983) and 1 isolate of Collet 
(1988) .
at position 237 and Thr—»Ala at position 247) . Moreover, further major 
axis thermostability polymorphism, that is largely independent from 
the electrophoretic polymorphism, has been identified for EST6, with 
two of the four thermostability variants within EST6-F and one of the 
three within EST6-S having population frequencies in excess of 10% 
(Est6-Fl, Est6-F2 and Est6-S2; Cochrane and Richmond, 1979a). In ADH, 
one each of the two thermostability variants within Adh-F and Adh-S 
have population frequencies consistently in excess of 10% (Adh-Fm and 
Adh-Sm, Sampsell, 1977) and, unlike EST6, these are almost certainly 
due to the single amino acid replacement that distinguishes ADH-F from 
ADH-S. In all, five major axis amino acid polymorphisms have been 
found for EST6, two are associated with the EST6-F/EST6-S major axis 
electrophoretic difference, while three others are suspected of 
involvement with major axis thermostability polymorphism. In 
contrast, Kreitman (1983) found only one major axis amino acid
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polymorphism for ADH, that underlying the ADH-F/ADH-S difference, 
despite sequencing similar numbers of isolates to the present study.
Considerably more minor axis electrophoretic polymorphism is also 
evident among the EST6 electromorphs than is the case with ADH. High 
resolution cellulose acetate electrophoresis has revealed two minor 
axis electrophoretic polymorphisms within EST6-F and three within 
EST6-S, whereas comparable techniques applied to ADH revealed no 
additional miner axis polymorphism (Kreitman, 1980) . However, one 
previously known minor axis thermostability variant (ADH-FChD) has 
been associated with a corresponding electrophoretic difference 
(Gibson, 1982) . Thermostability analysis of EST6 also revealed two 
minor axis variants each in EST6-F and EST6-S (£st6-F3, Est6-F4, 
Est6-Sl and Est6-S3; Cochrane and Richmond, 1979a), but in contrast to 
ADH-FChD these do not generally correspond to small mobility 
differences. In all, eleven minor axis amino acid polymorphisms have 
been found for EST6 which underlie the minor axis thermostability and 
electrophoretic differences. For ADH only one minor axis amino acid 
polymorphism has been found which results in the ADH-FChD variant, no 
others have yet been found despite the considerable scrutiny of 
variation at this locus.
It should be noted that other rare electrophoretic (ADH-UF, ADH- 
F' and ADH-US) and thermostability (ADH-Fs and ADH-Ss) phenotypes are 
known for ADH, and for some of these amino acid replacements in the 
structural region of ADH have been identified (Thatcher and Retzios, 
1980). However, these are not present in populations at frequencies 
high enough to be considered polymorphic (Sampsell, 1977; Chambers et 
al., 1984 and references therein).
It is difficult to discuss possible reasons for the difference in 
levels of variation at the two loci in terms of comparative levels of
selective constraint because little is known for certain about the in
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vivo function for either of the enzymes that they encode. However, it 
is relevant to note that the EST6 protein molecule is about twice the 
molecular weight of ADH (523 versus 255 residues). Other things being 
equal, there is thus more coding sequence in Est6 in which mutations 
might arise than there is in Adh. Koehn and Eanes (1978) have indeed 
noted that levels of electrophoretic polymorphism show a general 
positive correlation with protein size.
4.3 SUGGESTIONS FOR FURTHER RESEARCH
Several inter-disciplinary approaches are now suggested to 
ascertain the specific adaptive significance of the amino acid 
polymorphisms found in EST6 both in terms of their biochemistry and 
population dynamics.
The known protein sequences of the Coffs Harbour lines now make 
it possible to reassess biochemical differences between the most 
common EST6-F and EST6-S classes. In particular it will be important 
to determine the individual effects of the 16 amino acid polymorphisms 
on the biochemical properties of the EST6 protein. This will require 
comparisons among lines which only differ from each other by a single 
amino acid replacement. Some of these haplotypes may be available in 
natural populations or alternatively can be engineered using site 
directed mutagenesis (Shortle et al., 1981) and germ-line 
transformation techniques (Rubin and Spradling* 1982) . It will be 
particularly interesting to compare the kinetic properties and 
thermostabilities of the individual major axis amino acid 
polymorphisms. As pointed out in Section 3.4.3, it will also be 
important to determine whether the minor axis amino acid polymorphisms 
as a group produce biochemical effects on which selection might act.
A natural extension of these biochemical studies would be to
determine the X-ray crystal structure of EST6, so that the amino acid
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polymorphisms can be precisely interpreted with respect to structural 
and functional regions of the protein. The EST6 protein may not be 
too difficult to crystallise because EST6 is a relatively small 
monomer distantly related to several serine proteases that have been 
successfully crystallised in the past (Young et al., 1978).
Also important is the isolation cf the in vivo substrate or 
substrates for EST6 so that in vitro biochemical tests and in vivo 
fitness tests using this substrate can be more closely related to the 
physiology of EST6 in D. melanogaster.
With respect to physiological studies, while a majority of EST6 
activity in adult males is localised to the anterior ejaculatory duct, 
the tissue localisation remains unknown for the residual activity in 
adult males, the small amount of activity in adult females and the 
small peak of activity in second instar larvae (Sheehan et al., 1979). 
These need to be determined if the full physiological significance of 
EST6 and its variation is to be elucidated. Experiments to provide 
these data using the available EST6 antibodies and clone as probes are 
indeed underway in the laboratories of Dr. J. Oakeshott and Dr. R. 
Richmond.
At the level of population and evolutionary studies, questions 
complementary to the biochemical approaches are already being 
researched. Bortoli (pers. comm.) has already used high resolution 
cellulose acetate electrophoresis to screen electromorph frequencies 
from populations at different latitudes. Preliminary results (Section 
3.4.2.1) have already implicated one particular haplotype (class 8) as 
a major contributor to the clinal variation.
It is now a primary aim to confirm the molecular basis for the 
major axis thermostability variation by sequencing known 
thermostability variants. In particular, it is important to determine 
whether electrophoretic class 8 and thermostability class S2 (Cochrane
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and Richmond, 1979a) correspond and whether the underlying haplotype 
is a homogeneous target for selection. If thermostability is a 
measure of susceptibility to in vivo proteolysis, that is, affects 
protein half-life as has been suggested by Goldberg and Dice (1974) 
and Matsumura et al. (1986), then it is must become a top priority to
investigate the selective significance of this level of variation in 
more depth.
The lack of correlation between EST6 electromorphs and high 
levels of in vitro EST6 activity (Game and Oakeshott, 1988) suggests 
that regulatory elements are responsible for a greater proportion of 
EST6 activity differences than structural differences. Should the 
activity differences be due to 5' regulatory elements controlling 
levels of transcription from the Est6 gene then it is highly likely 
that variation in these elements is in gametic disequilibrium and 
possibly epistasis with the structural variation and thus may 
contribute to the population dynamics of some of the structural 
polymorphisms.
It might be argued that gametic disequilibrium between regulatory 
elements and structural variation is unlikely to account for the 
Est6-F/Est6-S latitudinal dines, as such disequilibrium would 
probably have broken down since the D. melanogaster/D. simulans 
speciation event. However, this argument firmly rests on the 
assumption that the variation resulting in the dines occurred prior 
to the speciation (about 5-10 million years ago, Easteal and 
Oakeshott, 1985) and that the same variation is responsible for the 
dines in both species (Anderson and Oakeshott, 1984) . Thus, it will 
be important to examine the molecular variation underlying the
Est6-F/Est6-S latitudinal dines in D. simulans.
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APPENDIX A
DROSOPHILA MELANOGASTER STOCKS FROM COFFS HARBOUR 
USED IN THE EXPERIMENTS
Table A. The 159 third chromosome isoallelic lines sampled from the 
Coffs Harbour population are listed. Viability values are for 
homozygotes for the Coffs Harbour chromosomes (++) relative to 
heterozygotes for these chromosomes against the TM3 balancer (+Sb). 
Values are calculated as twice the ratio of ++ to +Sb progeny in Step 
3 of Figure 2, Section 2.2.1. Lines are also classified for their 
viability values as lethal (L, viability 0.000), semi-lethal (SL, 
viability significantly less than 1.000), viable (V, viability not 
significantly different from 1.000) or super-viable (SV, viability 
significantly greater ^han 1.000). Significance nests for these 
classifications were X]_ values for the goodness of fit of the observed 
numbers of ++ and +Sb progeny, to the expected Mendelian ratio of 1:2. 
The EST6 electrophoretic class to which each line was typed is also 
shown.
* = Stocks cultured as homozygotes (n = 43; Section 2.2.1).
% = Lines used to map electrophoretic variation to Est6 (Section 
2.3.2) .
! = Representative lines used for electrophoresis shown in Figure 4b.
# = Lines with In(3L)P (Section 2.3.4).
@ = Lines with other 3L rearrangements (Section 2.3.4) .
$ = Lines from which the Est6 gene was cloned and sequenced (Section 
3.2.1) .
+ = Lines subjected to isoelectric focussing (Appendix B).
LINE ++ +Sb VIABILITY ELECTROPHORETIC
CLASS
A12 1 31. 99. 0.626 SL 4
B01 1 0. 52. 0.000 L 8
E01 2 *%+ 52. 106. 0.981 V 8
B0 4 1 * 15. 86. 0.349 SL 8
B07 1 * 26. 98. 0.531 SL 8
B09 2 * 19. 42 . 0.905 V 8
B10 2 * 7 . 34. 0.412 SL 8
Bll 2 0 . 100. 0.000 L 8
B12 1 !$+ 0 . 95. 0.000 L 6
B13 1 *+ 40 . 107 . 0.748 V 4
B13 2 @ 0 . 89. 0.000 L 8
B14 2 0 . 37. 0.000 L 4
B16 2 0. 52. 0.000 L 4
B17 2 0. 35. 0.000 L 8
B20 1 !$ 0 . 135. 0.000 L 10
C01 2 * 29. 53. 1.094 V 8
C02 1 1. 88 . 0.023 SL 8
C04 1 45. 142 . 0.634 SL 8
C05 1 * 37. 45. 1.644 SV 8
C05 2 * 36. 83. 0.867 V 5
C07 1 # 0 . 56. 0.000 L 4
C07 2 16. 27 . 1.185 V 8
CC8 1 * 29. 64. 0.906 V 8
C08 2 * 39 88 0.886 V 8
CIO 1 0. 51. 0.000 L 8
Cll 2 0 . 90. 0.000 L 8
C13 1 1. 288 . 0.007 SL 8
C14 1 25. 45. 1.111 V 8
C14 2 *+ 34. 73. 0.932 V 9
C18 2 0 . 44 . 0.000 L 4
C19 1 # 72 . 191. 0.754 SL 4
ii
DO 4 2 0 . 45. 0.000 L 8
D05 2 ★ 47. 87 . 1.080 V 4
DO 6 3 0. 30 . 0.000 L 8
D07 2 20. 61. 0.656 V 8
DO 9 2 0 . 66. 0.000 L 8
DIO 1 0. 69. 0.000 L 8
DIO 2 0. 47 . 0.000 L 8
D13 1 0 . 56. 0.000 L 9
D13 2 0 . 93. 0.000 L 8
D17 2 15. 164. 0.183 SL 8
E02 1 *%$ 38 . 80 . 0.950 V 4
E02 2 0. 81. 0.000 L 7
E08 1 * 83. 177 . 0.938 V 8
E12 2 0 . 75. 0.000 L 8
E13 2 9. 83. 0.217 SL 4
E16 1 0 . 142 . 0.000 L 8
El 6 2 * 15. 68. 0.441 SL 5
E17 1 0. 202. 0.000 L 4
F02 1 0. 115. 0.000 L 8
F05 1 0. 117 . 0.000 L 1
F05 2 0. 90. 0.000 L 4
F09 1 0. 90 . 0.000 L 8
F09 2 18. 54. 0.667 V 8
Fll 1 t 42 . 76. 1.105 V 7
Fll 2 28. 72 . 0.778 V 8
GC1 1 ★ 23. 38 . 1.211 V 8
GO 1 2 0. 14. 0.000 L 4
G02 2 13. 126. 0.206 SL 8
G03 2 5. 63. 0.159 SL 8
G06 1 ★ 48 . 90. 1.067 V 8
GO 6 2 0 . 94. 0.000 L 8
HOI 1 19 . 64. 0.594 SL 8
HOI 2 25. 64. 0.781 V 8
H02 1 *% 9. 19. 0.947 V 9
HC3 2 # 29. 69. 0.841 V 4
H05 1 ★ 23. 38 . 1.211 V 9
HC5 2 0. 73. 0.000 L 8
H07 1 0. 118. 0.000 L 8
HO 8 3 13. 70. 0.371 SL 8
Hll 2 !$ + 0 . 145. 0.000 L 3
H12 1 # 0. 67. 0.000 L 4
H12 2 0 . 16. 0.000 L 2
H15 1 11. 45. 0.489 SL 8
H15 2 * 3. 100 . 0.060 SL 9
101 1 22. 58. 0.759 V 8
102 1 0 . 97 . 0.000 L 8
102 2 *$ 44 . 150 . 0.587 SL 8
104 1 0. 95. 0.000 L 8
105 1 22. 56. 0.786 V 8
105 2 0. . 73. 0.000 L 9
107 1 0. 54. 0.000 L 8
108 2 ★ 34. 72. 0.944 V 9
109 2 21. 53. 0.792 V 4
110 2 * 50. 123. 0.813 V 9
111 2 * ! 31. 84. 0.738 V 8
112 2 0 . 127 . 0.000 L 4
J01 2 23. 135. 0.341 SL 8
J02 1 2 8 . 87. 0.644 SL 4
J03 1 2 . 41. 0.098 SL 7
J03 2 * 13. 24. 1.083 V 4
J04 1 35 . 116. 0.603 SL 7
ill
J05 1 1. 51.
JO 9 2 ★ 25. 78 .
J10 2 ★ 18 . 49 .
KOI 1 38 . 76.
K04 2 ★ 46. 115.
K0 6 1 1. 153.
K0 9 2 *% ! $ 19. 58.
Kll 1 0. 61.
Kll 2 30. 52.
K12 2 0. 84.
L01 1 16. 47 .
L01 2 0. 69.
L04 2 0. 53.
L05 1 ★ 52. 104 .
L05 2 0 3. 109.
L07 1 ★ 37. 73.
L08 2 9. 121.
L10 1 0. 42.
L10 2 25. 30.
L12 1 *% + 25. 63.
L12 2 31. 155.
008 2 ★ 26. 56.
016 1 0 . 62 .
MO 1 3 3. 34.
M02 2 15. 36.
MO 3 2 17. 39.
MO 4 1 31. 149.
MO 4 2 45. 83.
MO 6 2 0. 68 .
MO 8 2 0. 77 .
MO 9 1 47. 163.
M13 1 28. 108 .
Ml 9 1 ★ 30. 58 .
M20 2 ★ 14 . 63.
M21 1 # 2 . 134.
M21 2 0. 50 .
M2 2 1 0. 127 .
M2 2 2 0. 40.
N22 1 4 . 31.
N22 2 5. 46.
P01 2 0. 112 .
P02 2 0 0. 70.
P04 2 0 . 63.
Q02 2 0. 112.
RO1 1 25. 80.
R01 2 0. 83.
R05 2 $ + 0. 115.
RO 6 1 *%!$+38. CD CD
SOI 1 ★ 75. 199.
S02 1 0. 78 .
S02 2 0. 76.
T19 1 *%!$+15. 32.
T19 2 1. 138.
T20 2 * ! $ 14. 54.
T21 2 23. 48 .
U01 2 # 34. 85.
V01 1 0. 191.
V01 2 4 . 60.
VO 2 1 0. 51.
V02 2 0. cn o
VO 3 1 *%!$+39. 73.
.039 SL 4
. 641 V 8
.735 V 9
.000 V 8
.800 V 8
.013 SL 4
.655 V 9
.000 L 1
.154 V 8
.000 L 8
.681 V 8
.000 L 8
.000 L 4
.000 V 8
.055 SL 7
.014 V 8
. 149 SL 8
.000 L 8
.667 V 8
.794 V 8
.400 SL 7
.929 V 4
.000 L 8
.176 SL 8
.833 V 1
.872 V 4
.416 SL 4
.084 V 4
.000 L 8
.000 L 8
.577 SL 4
.519 SL 8
.034 V 8
. 444 SL 5
.030 SL 4
.000 L 1
.000 L 4
.000 L 8
.258 SL 8
.217 SL 7
.000 L 4
.000 L 8
.000 L 8
.000 L 8
.625 V 8
.000 L 8
.000 L 7
.864 V 2
.754 SL 1
.000 L 8
.000 L 8
.938 V 1
.014 SL 4
.519 SL 4
.958 V 7
.800 V 4
.000 L 7
.133 SL 8
.000 L 4
.000 L 8
.068 V 5
0
0
0 ,
1
0 ,
0 ,
0 ,
0 ,
1
0 ,
0 ,
0 ,
0 ,
1 ,
0 ,
1 ,
0
0
1
0
0
0
0
0
0
0
0
1
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
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V03 2 11. 63.
VO 6 2 0 . CO oo
XOl 1 0 . 34 .
XC1 2 * 43. 93.
X02 1 0 . 214.
X03 2 3 . 53.
349 SL 8
000 L 8
000 L 4
925 V 8
000 L 8
113 SL 8
0
0
0
0
0
0
VTable B. The 116 third chromosome isoallelic lines from Coffs Harbour 
made hemizygous against the vin7 chromosome. Viability values are for 
hemizygotes of the Coffs Harbour chromosomes against Df(3)vin
(+/vin7) relative to• heterozygotes of the Coffs ]Harbour chromosomes
against the TM3 balancer (+/Sb) . Viability values were calculated as
the ratio of +/vin7 to +/Sb progeny in Step 1 of Figure 3, Section
2.2.1) . Lines were also classified on their viability values as
lethal (L), semi-lethal (SL) , viable (V) and superviable (SV) using
exactly analogous criteria to those in Table A above, except in this
case the expected ratio in the significance test is 1:1 for
+/vin7;+/Sb. The EST6 electrophoretic phenotype of each, line is also
shown.
LINE +/vin7 +/Sb VIABILITY ELECTROPHORETIC
CLASS
A12 1 11. 7 . 1.571 V 4
B01 1 22. 44 . 0.500 SL 8
Bll 2 22. 31. 0.710 V 8
B12 1 33. 54. 0.611 SL 6
B13 2 0. 53. 0.000 L 8
B14 2 17 . 21. 0.810 V 4
B16 2 5. 3. 1.667 V 4
B17 2 36. 47 . 0.766 V 8
32 0 1 31. 49. 0.633 SL 10
C02 1 18 . 25. 0.720 V 8
C04 1 25. 35. 0.714 V 8
C07 1 34. 37 . 0.919 V 4
C07 2 8 . 32. 0.250 SL 8
CIO 1 33. 23. 1.435 V 8
Cll 2 18 . 30. 0.600 V 8
C13 1 92. 77. 1.195 V 8
C14 1 29 . 26. 1.115 V 8
C18 2 26. 22. 1.182 V 4
C19 1 49. 58. 0.845 V 4
DO4 2 37 . 29. 1.276 V 8
DO 6 3 25. 21. 1.190 V 8
D07 2 51. 34. 1.500 V 8
DO9 2 28. 31. 0.903 V 8
DIO 1 33. 13. 2.538 SV 8
DIO 2 28. 41. 0.683 V 8
D13 1 8. 21. 0.381 SL 9
D13 2 52. 47. 1.106 V 8
D17 2 36. 49 . 0.735 V 8
E02 2 36. 55. 0.655 V 7
E12 2 4. 1. 4.000 V 8
EI3 2 15. 13. 1.154 V 4
E16 1 21. 34. 0.618 V 8
E17 1 64. 76. 0.842 V 4
F02 1 65. 60. 1.083 V 8
F05 1 10. 0. SV 1
F05 2 14. 44. 0.318 SL 4
F09 1 41. 38. 1.079 V 8
F09 2 30. 41. 0.732 V 8
Fll 1 44. 46. 0.957 V 7
Fl 1 2 27. 21. 1.286 V 8
GO 1 2 16. 0. SV 4
G02 2 32. 32. 1.000 V 8
G03 2 24. 26. 0.923 V 8
GO 6 2 19. 18 . 1.056 V 8
HOI 1 38. 38. 1.000 V 8
HOI 2 23. 63. 0.365 SL 8
H03 2 29. 32 . 0.906 V 4
H05 2 26 . 28. 0.929 V 8
H07 1 12 . 9. 1.333 V 8
HO 8 3 14 . 14. 1.000 V 8
Hll 2 38 . 35. 1.086 V 3
H12 1 50 . 63. 0.794 V 4
H12 2 18 . 15. 1.200 V 2
H15 1 23. 23. 1.000 V 8
101 1 37 . 26. 1.423 V 8
102 1 15. 31. 0.484 V 8
104 1 68 . 100 . 0.680 SL 8
105 1 28 . 23. 1.217 V 8
105 2 24. 22. 1.091 V 9
107 1 34. 30. 1.133 V 8
109 2 52. 64. 0.813 V 4
112 2 36. 49. 0.735 V 4
J01 2 7 . 11. 0.636 V 8
J02 1 37 . 30. 1.233 V 4
J03 1 20. 24. 0.833 V 7
JO 4 1 89. 73. 1.219 V 7
J05 1 24. 37. 0.649 V 4
KO 6 1 44 . 49. 0.898 V 4
Kll 1 29. 26. 1.115 V 1
Kll 2 23. 14. 1.643 V 8
K12 2 38. 32. 1.188 V 8
L01 1 25. 27 . 0.926 V 8
L01 2 15. 13. 1.154 V 8
L04 2 25. 19. 1.316 V 4
L05 2 24 . 23. 1.043 V 7
L08 2 41. 34. 1.206 V 8
L10 1 20. 22. 0.909 V 8
L10 2 25. 36. 0.694 V 8
L12 2 30. 38 . 0.789 V 7
016 1 37 . 27 . 1.370 V 8
MO 1 3 22 . 26. 0.846 V 8
MO 2 2 47 . 37. 1.270 V 1
MO 3 2 17 . 15. 1.133 V 4
MO 4 1 24. 32. 0.750 V 4
MO 4 2 22. 30. 0.733 V 4
MO 6 2 24 . 24. 1.000 V 8
MO 8 2 26 . 41. 0.634 V 8
MO 9 1 52. 69. 0.754 V 4
Ml 3 1 55. 60. 0.917 V 8
M21 1 12 . 8 . 1.500 V 4
M21 2 18 . 26. 0.692 V 1
M2 2 1 37. 29. 1.276 V 4
M2 2 2 12 . 19. 0.632 V 8
N22 1 5. 14. 0.357 SL 8
N22 2 34. 26. 1.308 V 7
T19 2 53. 58. 0.914 V 4
T21 2 67. 48. 1.396 V 7
P01 2 27 . 30. 0.900 V 4
P02 2 10 . 92. 0.109 SL 8
P O 4 2 39. 57. 0.684 V 8
Q02 2 24. 20. 1.200 V 8
R01 1 36. 35. 1.029 V 8
R01 2 29. 31. 0.935 V 8
R05 2 29. 68 . 0.426 SL 7
S02 1 12 . 15. 0.800 V 8
S02 2 11. 57 . 0.193 SL 8
U01 2 41. 27. 1.519 V 4
vii
V01 1 8 . 15. 0.533 V 7
VOl 2 25. 25. 1.000 V 8
V02 1 25. 33. 0.758 V 4
V02 2 49 . 39. 1.256 V 8
V03 2 24. 29. 0.828 V 8
VO 6 2 43 . 30 . 1.433 V 8
XOl 1 27 . 29. 0.931 V 4
X02 1 0000 75. 1.173 V 8
X03 2 26. 25. 1.040 V 8
viii
APPENDIX B
ISOELECTRIC FOCUSSING OF EST6 ELECTROMORPHS
One line representative of each EST6 electrophoretic class, 
except 8 and 10, was subjected to isoelectric focussing after the 
methods of Ainsworth et al. (1984) and Ryan and Scowcroft (1987) . Two
lines from class 8 and none from class 10 were analysed. Lines from 
classes 1, 2, 3, 5, 6 and 7 were also those from which the Est6 gene 
was cloned and sequenced (Section 3.2.1) . The identities of all lines 
subject to isoelectric focussing are given in Table A of Appendix A.
EST6 homogenates prepared as in Section 2.2.2 were used to wet 
3mm X 8mm filter paper wicks. These wicks were placed at the cathode 
end of a pre-focussed 0.4mm thick, 10% 30:1 acrylamide:bis-acrylamide 
gel containing equal amounts of pH4.5-5.4 and pH5-6 ampholines 
(Pharmacia). The gel was then subjected to 10 Watts for 2 hours in an 
LKB Ultraphor unit at 4°C, after which it was stained for EST6 as in 
Section 2.2.2 and destained in 10% acetic acid for 30 min.
Four distinctly different pi's were found among the lines in the 
sample (Figure A) and these fall into two groups. The first group 
consists of classes 1 and 2, which have the same relatively low pi of 
about 4.67. The second group consists of the remaining classes, which 
have pi's between 4.70 and 4.72. Within this second group one line 
(class 3) has a pi about 4.70, another line (class 5) has a pi of 
about 4.72 and the remaining lines (classes 4, 6, 7, 8 and 9) have 
pi's of about 4.71.
There is a general correspondence between the results from the 
isoelectric focussing and those of the cellulose acetate 
electrophoresis (Figure 4b). Classes with greater anodal mobility 
(electronegativity) under electrophoresis at pH8.5 tend to have lower 
pi values as determined by the isoelectric focussing. With respect to
Figure A. Photograph of the isoelectric focussing gel (actual size) 
for nine lines representing EST6 electrophoretic classes. Approximate 
pH values for the gradient are shown at the right hand side of the 
photograph. The pi's of the EST6 variants are in close agreement with 
those determined by Mane et al. (1983a) for EST6-F and EST6-S (pi =
4.5 for both).
IX
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Xthe large electrophoretic mobility variants, EST6-VF and EST6-F' have 
lower pi's than EST6-F and EST6-S. With respect to the small mobility 
variants within EST6-F, classes 3, 4 and 5 all differ in pi's with 
class 3 having the lowest and class 5 the highest. This general 
correspondence between the two techniques might be expected as 
cellulose acetate electrophoresis mostly separates allozymes by net 
charge at the pH of electrophoresis, while isoelectric focussing 
separates allozymes according to the pH at which the protein is 
uncharged.
However, there are also some obvious exceptions to the overall 
correlation in the pattern of variation detected by the two 
techniques. With respect to the large electrophoretic mobility 
variants, EST6-VF and EST6-F' appear to have the same pi. The same is 
true of the most frequent EST6-F and EST6-S variants (classes 4 and 
8). With respect to the small mobility variants, the pi's of classes 
6, 7, 8 and 9 within EST6-S are all indistinguishable from each other. 
These discrepancies between the pattern of variation detected by the 
two techniques presumably reflect the fact that the pi's of all the 
EST6 variants are much lower than the pH of electrophoresis. As was 
pointed out in Section 3.3.3, the relative charges of some amino acids 
vary substantially between the two pH's. This may have both direct 
and indirect consequences for the patterns of variation detected by 
the two techniques. The direct consequences are that the charge 
differences between polymorphic amino acids may vary between the two 
pH's. The indirect consequences are that EST6 conformation may differ 
at the two pH's, leading to differences in the degrees of exposure of 
some charged residues to the surface of the protein.
The sequence data in Chapter 3 now allow the isoelectric 
focussing results, and their concordance or otherwise with the 
electrophoretic data, to be interpreted in terms of specific amino
acid replacements. Four particular replacements are of interest 
because they are associated with large charge differences at pH4.7. 
Three of these, Arg—»Trp at position 150, Lys—>Met at position 361 and 
Asn—»Asp at position 237 were also associated with large charge 
differences at ph8.5 and in fact explained the large mobility 
differences between the EST6-VF, EST6-F', EST6-F and EST6-S mobility 
groups. The fourth, Tyr—»His at position 350, was not associated with 
a large charge difference at pH8.5, was unique to class 5, and not 
unambiguously associated with any electrophoretic mobility difference. 
In the absence of overiding conformational effects these four 
replacements should all lead to differences in pi, and this prediction 
is indeed satisfied for three of them; Arg—»Trp at position 150, which 
explains the lower pi of EST6-VF from EST6-F; the Lys—»Met at position 
361, which explains the lower pi of EST6-F' from EST6-S; and the 
Tyr—»His at position 350, which explains why class 5 has a higher pi 
than any other class.
However, the prediction is not satisfied for the Asn—»Asp at 
position 237, which distinguishes EST6-F from EST6-S 
electrophoretically but is apparently without effect on pi. One 
explanation for this exception may be that the conformation of EST6 is 
changed at pH4.7 such that the charge difference due to the Asn—»Asp at 
237 is not exposed to the solvent. It is interesting in this respect 
that the Asn—»Asp at position 237 is not in a highly hydrophilic region 
(Figure 9), whereas two of the other three replacements (Tyr—»His at 
position 350 and Lys—»Met at position 361) are in highly hydrophilic 
regions more likely to be on the protein surface. Alternatively, the 
actual pK of the side group in this aspartic acid may be considerablycl
altered from that of the free state aspartic acid pK due to its3.
interaction with other residues, such that it is not ionised at pH4.7.
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While three of the four amino acid replacements associated with 
large charge differences thus lead to detectable pi differences, there 
remains one pi variant, an isolate of class 3, with pI4.70 that cannot 
be explained by large charge differences directly due to amino acid 
replacements. This isolate has been sequenced but unfortunately 
several of the pi variants which would have been informative to 
compare it with (viz isolates of classes 4, 8 and 9) have not. The 
most useful comparisons possible are to the sequenced isolates of 
classes 6 and 7, which have pi's of 4.71. The class 3 isolate was 
distinguished from these two variants by two unique amino acid 
replacements, Glu—»Asp at position 373 and Ser—»Ala at position 53. The 
first of these replacements involves a small charge difference (-0.2) 
but the pi difference could be explained either by this difference or 
by a conformational change due to either of the replacements.
It is also worth noting that the class 6 and 7 isolates with the 
same pi nevertheless differed from each other by three amino acid 
replacements. It was shown above that one of these, Asn—»Asp at 
position 237 involves a large charge difference at pH4.7 which is 
cryptic to the isoelectric focussing. The other two replacements,
Arg—»Lys at position 471 and Ser—>Ala at position 487 involve no charge 
difference, 30 no additional conformational effects need to be invoked 
to explain the similarity in the pi's of the class 6 and 7 isolates.
To summarise the results of the isoelectric focussing, three of 
the four pi variants detected can be explained by three of the amino 
acid polymorphisms associated with large charge differences at pH4.7. 
The other pi variant can be explained either by an amino acid 
replacement involving a small charge difference or by a conformational 
change. Conformational effects are clearly implicated by the failure 
of another amino acid replacement involving a large charge difference 
to affect pi. This replacement did affect electrophoretic mobility at
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pH8.5, so it is suggested that the conformation of EST6 differs at 
pH4.7 so as to conceal this replacement in the interior of the 
molecule.
